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ABSTRACT 
Various silicon-based materials and structures with potential applications in 
novel electronic and optoelectronic devices have been prepared and characterized. In 
particular, porous silicon layers have been prepared by electrochemical methods and 
GeSi/Si heterojunction structures have been prepared by high dose germanium 
. implantation into silicon. 
Electron Spin Resonance (ESR) and photoluminescence measurements were 
performed to study the origin of room temperature visible photoluminescence 
mechanism from the porous silicon layer. The studies of porous silicon using ESR 
show that there is anisotropy in the spin signal of the porous silicon layer. This spin 
signal is similar to that of Pb defects at the silicon dioxide and silicon interface. 
‘ Therefore, we conclude that the crystalline properties are preserved after anodization. 
The study of the spin density versus photoluminescence intensity shows that there is 
no simple correlation between them. Anodized silicon samples etched in nitric based 
acid (HN03:HF:H20= 1:3:5) for a short time show a large blue shift with a reduction 
in photoluminescence intensity. The photoluminescence study of ultra-violet ozone 
oxidized samples show a blue shift of the luminescence peak position. The 
implication of these results on the mechanism of light emission from porous silicon 
is that small particles with the size of about 30A are essential for high efficiency room 
temperature photoluminescence. Infra-red absorption show that the porous silicon is 
very easily oxidised in the air ambient environment. This can affect its properties 
significantly. Electrical measurements on aluminium/porous silicon Schottky diode 
are also performed. 
The structures and properties of high dose germanium (7-35 atomic%) 
II 
implanted p-type silicon have been characterized using optical, electron spin 
* 
resonance, Rutherford Backscattering, spreading resistance profiling and other 
techniques. Germanium implantation was performed normal to the surface, that is 
initially in a channelling direction. Electron spin resonance measurement show that 
the spin signal also possessed anisotropic properties. It is mainly composed of two 
signals. One signal is isotropic and has the g-factor of 2.008 which is believed to be 
the signal coming from the germanium-silicon complex. The other signal is 
anisotropic with g-factor varying from 2.003 to 2.008. The spreading resistance 
spectra show that the resistance in the implanted layer increases by three orders of 
magnitude after implantation at dose of SxlO^^cm"^  or more for the 150keV implanted 
samples. This means that the estimated carrier concentration has reduced by two 
orders of magnitude. Type conversion was observed for the 300keV (dose> 
germanium ion 'as-implanted' samples. An n-p junction was observed 
with a junction depth at l.Sfim from the sample surface. The damaged layer extended 
several times deeper than the projected range and can be effectively removed by 
1000 C annealing. Aluminium/germanium-silicon alloy/crystalline silicon/aluminium 
« 
Schottky diode had a larger ideality factor and larger leakage current than the 
aluminium/crystalline silicon/ aluminium Schottky diode. 
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CHAPTER 1 INTRODUCTION 
In 1947 the first semiconductor point contact transistor was successfully 
fabricated in Bell Telephone Laboratories by John Bardeen and Walter H.Brattain.[l] 
Afterwards in the 1960 the first integrated circuit was fabricated.[2] This 
announced the ending of vacuum tube era and starting the more compact devices 
fabricated onto a single chip integrated circuit. Due to the compact size and complex 
function of semiconductor integrated circuits, it had a great impact to the world. The 
style of life has been changed by this invention. The crystal growth technology of 
silicon makes it the most promising material for device fabrication. 
Also silicon has excellent mechanical, thermal and electrical properties. [3-5] 
The other critical factor is the excellent native dielectric thin film (silicon dioxide) 
which can be easily grown on a silicon wafer with excellent electrical properties. 
Therefore silicon become the most popular semiconductor material for device 
fabrication. 
We are now beginning to experience the impact of optoelectronics devices. 
This will have great influence on the speed of telecommunication and signal 
processing. At the beginning of research on III-V semiconductors, they showed great 
promise, particularly due to the higher carrier drift velocity than silicon, and optically 
allowed direct transitions. Therefore, the compound semiconductors were entitled 
"the material in the future" and were expected to take over from silicon. A continuing 
demand for small size, necessitated extending the material studies into the high 
electric field effect regime. [5] In this regime, the carrier velocity in a compound 
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semiconductor will tend to saturate[4] due to the satellite electron valley with lower 
electron mobility. In the high field region, except for the scattering effect, the carrier 
drift velocity will only be limited by the applied field which is known as saturation 
velocity. Therefore, silicon can actually have a slightly higher carrier drift velocity 
than ni-V semiconductors. Moreover, due to the polar nature of the material, gallium 
arsenide (GaAs) does not have good native oxide. One can infer that it will be 
impossible to totally replace silicon. Recent developments in optoelectronic 
applications have lead to the development of devices depending on the quantum size 
effect,[6-9] superlattices,[10-ll] light emitter,[10-12] and photodetectors[13] in 
silicon. 
1.1 Novel Silicon-Based Materials Structures - Background and 
Perspectives 
Novel semiconductor structures have been prepared and investigated by various 
means especially by well controlled growth techniques such as molecular beam epitaxy 
and high resolution lithography. These novel structures do not only lead to the 
interesting unforeseen properties but also to promising applications such as high speed 
and optoelectronic silicon-based devices. [7-26] The study with silicon-based material 
is specially importance because of the excellent and well studied materials properties 
of silicon. Also, the fabrication methods are well developed for silicon. The 
successful development of silicon based optoelectronic monolithic integrated circuits 
would achieve great benefits. 
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Silicon is an indirect band gap material so that novel structure are fabricated 
to use band-gap engineering to achieve emission of light for optical device application. 
One way is to grow low dimensional material complex such as low dimensional 
superlattice where quantum confinement to 0(Quantum dot), 1 (Quantum wire), or 2(2 
Dimensional electron gas) dimensional structures. The optical properties of the 
material are changed by geometries and this leads towards the reality of fabricating 
devices such that can emit visible light. The reduction in dimension of the active 
layer results the quantum confinement effect. These quantum structure were widely 
prepared by molecular beam epitaxy,[27-33] and ultra-high vacuum chemical vapour 
deposition. [27, 34-36] The carriers confinement properties can be applied to fabricate 
high speed and optoelectronic devices. 
The stoichiometry composition of the material can be modified also to produce 
the desired material properties. Silicon germanium[8-35] and silicon carbide[36-41] 
have been intensively studied for their potential application in infra-red optoelectronic 
devices and visible light emitting diodes respectively. 
1.2 Light Emission from Porous Silicon 
Electrochemical etching of single crystal silicon was reported in 1958 by D.R. 
Turner [42]. It was found that when electrochemically etching a silicon wafer in 
hydrofluoric acid, a brown residue was occasionally formed. Such a brown residue 
layer can be removed either by using high current density or low hydrofluoric acid 
concentration. [43-45] The condition for which such brown residue can be removed 
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is the region of electro-polishing. The brown residue was found to be porous and was 
called the Porous Silicon Layer (PSL). At the very beginning, porous Si was 
developed for silicon-on-insulator (SOI) applications. [46-50] The oxidation rate of 
porous silicon is much higher than crystalline silicon because of the large reactive area 
which is distributed throughout the PSL. During oxidation, the oxide thickness will 
be increased in volume so that planarization can be achieved by adjusting the degree 
• of porosity. The oxide thickness can be easily grown to the order of micrometer in 
thickness. Therefore it is a potential candidate for silicon-on-insulator applications 
but there is still difficulty in the control of porosity and in including this 
unconventional electrochemical etching process into conventional integrated circuit 
fabrication processes. 
PSL has becomes a material of great interest since the discovery of efficient 
visible photoluminescence (PL) at room temperature. [51] Silicon is an indirect band 
gap material so that efficient PL at room temperature is unexpected. Therefore 
potential applications in silicon-based optoelectronic devices are opened up. A lot of 
work has been done to study its physical properties and the luminescence 
mechanism.[52-59] Unlike the growing of most quantum well structures (such as 
superlattice) which need sophisticated tools such as molecular beam epitaxy, the 
formation of PSL is relatively simple. Porous silicon layers are prepared by 
anodization of a silicon wafer in an electrochemical anodization cell with hydrofluoric 
acid as the electrolyte. The photoluminescence mechanism of the porous silicon layer 
is still not well understood as many factors affect the material properties. 
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Small clusters can be produced by various methods such as anodizing a 
crystalline silicon wafers in hydrofluoric acid,[51-59] recrystallizing small clusters in 
some insulating materials matrix such as silicon dioxide. [60-61] Novel methods such 
as spark erosion[62-63] have also been used. The method of anodizing crystalline 
silicon wafer in hydrofluoric acid had been extensively studied in recent years. There 
are several models proposed to explain the formation characteristics[43, 160] : the 
Beale model, the diffusion-limited model, quantum-based model and redeposition 
reaction. 
When an electric field is applied across the silicon wafer, a solution-
semiconductor junction is formed. At the surface of the semiconductor, a depletion 
layer is formed where mobile carriers are depleted. The anodization process produces 
surface irregularities so that some silicon structures are enclosed by the depletion 
regions. These isolated structures become electrically isolated and cannot have charge 
exchange so that these silicon structures are left at the surface during anodization. 
The Beale model suggests that the microstructure can be formed due to this 
phenomenon. The charge exchange takes place selectively through some regions and 
leave some regions unattacked. 
The diffusion limited model suggests that carriers migrate by random walk and 
diffuse to the silicon surface for reaction. Carriers influence the reaction between the 
silicon surface atoms and the etchant. The pore tip is the most likely site for carriers 
diffusing from the bulk. Therefore, the diffusion process creates selective dissolution 
properties as predicated by the Beale model. The diffusion length depends on dopant 
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concentration, voltage, etc. in a way that explains the details of the anodization 
process. 
The quantum-based model describes how the band gap increases when the size 
of the structure is reduced. When the energy band gap is increased, the impurity 
energy level will be lowered into the mid-gap so that the ionization efficiency will be 
reduced. This reduces the number of mobile carriers inside these structures. This 
induces quantum charge confinement so that effectively the carrier concentration is 
independent of the doping concentration. This decrease in the mobile carrier 
concentrations will produce a depletion layer similar to that of the Beale model. 
During anodization, some silicon subfluoride (SiF2) is formed. It is unstable 
in water and form silicon oxide with hydrogen gases evolved. Then this oxide was 
reacting with hydrofluoric acid to form aqueous state silicon. These silicon atoms can 
be redeposited onto the silicon surface. This disproportionation reaction will take 
place, with hydrogen gas formed.[42,43] This redeposition process produced the 
rough or pitted surface. Under suitable anodization condition, a thin and loosely 
adherent film was deposited on the silicon surface. The deposition reaction is as 
follows : 
2SiF2(aq.) + 2 F - Si + SiF^"' 
This redeposited film is composed mainly of polycrystalline and hydrogenated 
amorphous silicon. 
There are several models proposed to explain the phenomenon of visible 
photoluminescence at room temperature from anodized silicon wafer. One popular 
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model suggests that the efficient PL is due to a quantum size effect. [66-76] As the 
size of the crystal is reduced, the band structure will be modified due to the change 
of the cluster size. Other models suggest that the origin of the strong PL is related 
to the surface chemical species such as siloxene[77-79] or polysilane. [80-83] 
1.2.1 Quantum size effect 
While the dimension of the structure is reduced to a significant small extent, 
then the energy band structure is significantly modified. This quantum confinement 
can give rise to a set of bound states with energy spectrum which depends on the size 
of the potential well. According to the effective mass approximation, the energy 
spectrum E can be obtained by solving the Schrodinger's equation 
[-—V 2 + V(x,y,z)] = iK z) (1.1) 
2m* 
where is the carrier envelope wave function, m* is the carrier effective mass and 
V(x,y,z) is the potential distribution.[84] 
The zero, one, and two dimensions quantum confinement corresponds to dot, 
wire, and film-like geometries. Carriers confined in these structures have the quasi 
two, one, and zero dimensions. For the simplest case with infinitely deep potential 
wells, the energy spreading will be changed as follows. Equation 1.2(a), (b), and 
(c) show the correspondence energy splitting for 0-D, 1-D, and 2-D confinement 
respectively. 
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E l = — T ( " I ) (l-2c) 
2M 
where /, m, n = 1, 2, .... are the energy level quantum numbers and t” ty, t^  
are the reduced potential well dimension in x, y, z dimension. 
The origin of PL in porous silicon is of great interest as bulk silicon is an 
indirect band gap material and therefore cannot exhibit strong PL at room 
temperature. The relaxation of radiative recombination transition constrain can be 
achieved due to the quantum size effect. [69] This is not only valuable for 
optoelectronic applications but also for basic research on quantum size effects in 
semiconductor materials. There exist other papers which have reported similar effects 
on other materials such as Ge,[85-89] GeSi,[89-90] SiC [91-93] etc, prepared by 
anodization in hydrofluoric acid or other method. 
I 
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1.2.2 Chemical luminescence model 
J.M. Lauerhaas et al[94] reported that the PL can be chemically quenched and 
restored by putting the PSL into polar solvents such as tetrahydrofuran, toluene, 
benzene, and methanol. This property means that the radiation processes can be 
affected by the chemical species absorbed onto the surface. 
M.S. Brandt et al[77] stated that siloxene may be the origin of the visible 
photoluminescence. Siloxene is a compound containing hexagonal rings which has 
wider band gap and can have visible PL at room temperature. The structural model 
is shown in Figure 1.1 for various configurations. They reported that siloxene has 
similar photoluminescence, photoexcitation, and Raman scattering properties. This 
model has been modified to be a chemically assisted confineiTient[95]. It propose that 
oxygen was used for isolation between clusters. 
There are several other models used to explain this phenomenon, for example 
polysilane[80-83], oligosilane bridge[96] and surface defect assisted 
photoluminescence coinplex[97]. Although the origin of the luminescence is still not 
clear, research in the application of this material had been carried out for several 
years. Humidity sensors[98], photoconductors[99-102], light emitting diodes[103-
110] and heterojunction devices formed with n-type ITO or wide band gap 
materials[lll-112] have been successfully fabricated with porous silicon layers. 
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Figure 1.1 The structure model of siloxene. [77] 
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1.3 Germanium Silicon Alloy 
The study of Ge^Sii.x alloy layers has been a topic of great research interest in 
recent years because of their superior electronic properties, their compatibility with 
silicon device technology, and their potential applications in optoelectronic, high 
speed field effect transistors and heterojunction bipolar transistors [7-26]. Among the 
various methods of growing such alloy layers, the formation of GeSi alloys by ion 
implantation has also been investigated [113-121]. 
The material properties of the alloy semiconductors can be tailored according 
to the elemental composition. Table 1 • 1 show the fundamental characteristic of single 
crystalline germanium and silicon. 
Ge Si 
Lattice constant (nm) 0.566 0.543 
Energy gap Eg (eV) 0.66 1.12 
Melting temperature (K) 1200.8 1683.4 
Atoms per volume (cm-3) 4.42x10^^ 5x10^^ 
electron mobility (cmVV-s) 3900 1500 
hole mobmty (cm^/V-s) 1900 450 
Table 1.1 Material properties of germanium and silicon[3] 
Molecular beam epitaxy[27-33], ultra high vacuum chemical vapour 
deposition[27, 34-35], rapid thermal chemical vapour deposition[122-124] and, liquid 
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phase epitaxy[125] have been used to grow epitaxial layers and glow discharge, 
sputtering, co-evaporation have been used to grow amorphous films. The growth of 
epitaxial layers by the MBE method have suffered from low throughput so that it is 
not practical in mass production. 
Ion implantation and UHVCVD are more attractive than the MBE growth 
because they can be easily integrated into existing integrated circuit fabrication 
processes. As surface states play an important role in the performance of the metal 
oxide semiconductor device, germanium implantation can form a buried layer. The 
conduction channel will be remote from the silicon/silicon dioxide interface so that 
device performance can be improved. An ion-implanted GeSi channel n-MOSFET 
has been successfully fabricated. [126] The fabricated MOSFET has higher 
transconductance, higher drain conductance, and higher surface channel mobility than 
• 
a standard Si MOSFET. 
Germanium ion implantation has been used to form buried alloy layers. A 
graded heteroepitaxial layer can be obtained by ion implantation which forms an 
optical waveguide. Optical waveguide growth by CVD epitaxy was reported by F. 
Namavar et al. [24-26] Several groups had reported that ion implanted GeSi alloy 
layer can be epitaxially regrown[l 13-121] with suitable annealing conditions. Ion 
implantation can introduce point defects which can nucleate into defects such as 
dislocation[127-128]. When the density of the point defects exceed a certain amount 
level, they will be nucleated into some structural defect complex and then may 
generate dislocations. It is difficult to be remove even after high temperature 
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annealing[127-128]. On the other hand, these extended defects can relax strain so that 
a strained layer is difficult to obtain. Such defects will increase the scattering of 
carriers and enhanced the diffusion of dopants along these defects through the layer. 
On the other hand, the surface amorphous silicon layer has higher solid phase epitaxy 
(SPE) temperature than the germanium silicon alloy layer. This increases the 
difficulty to regrow the crystal whilst preserving the strain in the buried layer. 
Instead of an abrupt layer, ion implantation can only produce a graded layer 
so that the band discontinuity is not significant and not well defined. The profile is 
graded so that the effect on carrier confinement will not be very great. Due to the 
difference in refractive index and band structure of germanium and silicon, graded 
index waveguide and buried channel devices seem possible. 
From a rule of thumb, the solid phase epitaxy (SPE) regrown temperature is 
about half of the melting temperature. Therefore, Ge has SPE temperature of 600K, 
and that of Si is 842K. GeSi will start SPE regrowth between these temperatures 
according to its content of Ge. The phase diagram of germanium silicon alloys is 
shown in Figure 1.2.[129] 
GeSi is especially useful in optoelectronics circuit and devices. Optical fibre 
has minimum attenuation at a wavelength of 1550nm.[130] The fundamental indirect 
band gap of bulk Ge.Sii., alloy spans from 1300nm to 1550nm according to x. 
Therefore it is attractive to make integrated long wavelength optoelectronics devices 
in Si. The lattice mismatch is the main problem because extended defects such as 
dislocations, stacking faults are generated during strain relaxation. They will act as 
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scattering centre and traps for carriers. According to the lattice constant, the strain 
in Si-rich alloy is compressive and that in Ge-rich is tensile. 
Atomic Percent Silicon 
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Fig. 1.2 Germanium-silicon phase diagram[129] 
For a lattice mismatched system, an epitaxial layer can only be formed by 
tetragonal distortion associated with considerable strain. Strain can enhance both the 
electronic and the optical properties of the material. According to the studies by R. 
People[8] on GeSi alloy, the relationship between the band gap and alloy composition 
is different for an unstrained and a coherently-strained alloy layer. For a strained 
layer, strains will affect the width of the energy gap which can cause the band gap 
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width to be increased for a particular germanium content. Figure 1.3 show the 
calculated effect of strain upon band gaps at 90K for GeSi alloy. The band edge 
alignment is also affected by the strain in the layer [8]. 
1.3 r 
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Figure 1.3 Calculated effect of strain on semiconductor band gap of germanium 
silicon alloy. [8] 
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1.3.1 Formation of Germanium Silicon alloy layers by ion implantation 
Ion implantation is used to introduce a well defined distribution of impurities. 
This has been widely used in industry for doping of integrated circuits. Today, works 
are performed to produce alloy layers such as germanium silicon and silicon carbide 
by ion implantation using very high doses. Germanium has three major naturally 
existing isotopes (6670, G&jj and 6674). The composition is shown in Figure 1.4. 
Therefore conventional ion implantation with a high resolution mass analyzer is 
inefficient for performing high dose implantation as only one isotope can be selected. 
Although there has no report on the isotopic effect on the electrical properties, it need 
a good mass analyser to select the correct ion. It was because there is another 
common used ion species for ion iniplantation-Arsenic(As75) which is used as the n-
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Figure 1.4 Isotope abundances for germanium[128] 
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Table 1.2 shows the implantation parameters of germanium implanted into Si 
substrate. These data are simulated by Trim-92. From these data, it can be seen that 
the range of the projectile is just about lOOOA by using a 200keV conventional ion 
implanter. 
Energy (keV) Range (A) dR(A) Vacancies/Ion 
50 ^ ^ 
100 732 ^ 
150 J ^ ^ ^ 
200 im 
300 ^ ^ 
500 ^ 
1000 I 7094 1815 8738 
Table 1.2 Parameters of germanium ion implantation into silicon simulated by 
Trim-92 
From these Trim data, Table 1 3 shows the calculated profile information 
for the case of a peak concentration of germanium of 10%. A dose of to 
10i7cm-2 is needed to produce such an alloy layer. 
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Implant Implant Dose Peak Ge conc. Surface Depth of 
Energy(keV) ( c r p (%) conc.(%) peak (A) 
50 2.0x1016 10.67 0.355 450 
150 4.5x1016 0.129 1050 
500 1.7x1017 ^ 0.038 3450 
1000 I 2.3x1017 I 10.11 I 0.005 | 7130 
Table 1.3 Ion implantation profile parameters for varies implantation energy of 
a 10% peak Ge concentration. 
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1.4 Scope of this Work 
This work is to characterise the material properties of porous silicon and 
germanium silicon alloy layers. Porous silicon was prepared by anodization in 
hydrofluoric acid. The photoluminescence mechanism, structural and defect 
characteristics of the porous silicon layer were studied. 
For germanium silicon alloy layers high dose germanium ion implantation was 
performed. The characteristics of the material was studied against the implantation 
and annealing conditions. One of the aims of this work was to establish annealing 
conditions for forming an epitaxial layer. 
There are many promising device applications for these materials such as 




rHAPTFR 2 EXPF.RTMENTAT METHODS 
In this chapter, we shall describe in detail the preparation and characterization 
of the samples to be studied. In particular, porous silicon samples were prepared by 
the anodization of silicon wafers in hydrofluoric acid and germanium silicon alloy 
layers were synthesised by high dose ion implantation. These samples were then 
characterised by various means including optical, electrical and ion beam methods. 
2.1 Preparation of Porous Silicon Layers 
Porous silicon samples were prepared by the anodization of crystalline silicon 
wafer either in HF.HJd or HF'.HsOiCHaCHjOH with HF concentration varied from 
10% to 50% by volume. Some samples was also prepared simply by chemical etching 
in HN03:HF:H20 = 1:3:5. 
The starting substrates used include p-type Si {100} wafers of the resistivity 
ranging from 0.01-0.02 to 10-20 ohm-cm, p-type Si {111} wafers of 0.15-0.25 ohm-
cm and n-type Si {100} wafers of 1-2 ohm-cm. 
The pH value of the etchant was tested with a WHATMAN full range test 
paper. The pH value for the hydrofluoric acid (50% by volume) is 1 and from the 
colour of the 10% by volume is around 1-2. The alcohol diluted solution is slightly 
less acidic than the water diluted solution. 
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2.1.1 Anodization 
There are two commonly used anodization cell configurations for the 
preparation of porous silicon samples, namely, the double cell and the single cell 
configuration. These are schematically shown in Figures 2.1(a) and 2.1(b) 
respectively. The electrochemical cells are made of TEFLON which can resist the 
strongly corrosive hydrofluoric acid. The size of the sample used is about a quarter 
of a 2" diameter silicon wafer. An 0-ring is used to seal off the hydrofluoric acid and 
define the anodization area. The diameter of anodization area is 18 mm. 
The PSL anodization system used is a computer controlled system which 
consists of a current source and two HP3478A multimeters under the remote control 
of a personal computer through an IEEE-488 card. The ON/OFF of the current 
source was controlled by the computer through the parallel port. The variations of the 
etching voltage and current with time during the etching were recorded by the 
personal computer. The schematic of the measurement system is shown in Figure 
2.2. 
The current density needed ranges from 5 to 25mA/cm^. For samples prepared 
using the single cell, a backside ohmic contact was formed by the evaporation of 
aluminum followed by alloying at 425 C in forming gas (15% hydrogen in nitrogen) 
ambient for 25 minutes. 
After anodization, the samples were rinsed either in de-ionized water or 99.8 
volume percentage ethanol and then blown with nitrogen until they were dry. 
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Figure 2.1 Structure of electrochemical cells (a) double cell, (b) single cell 
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Figure 2.2 Schematic of the computer control anodization system 
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For the electron spin resonance measurement, metal or high conductive 
material will overload the microwave cavity making the measurement inaccurate. For 
the infra red measurement, a metal layer will not permit infra-red transmission and 
a highly conductive silicon layer will reduce the infra-red sensitivity due to free 
carrier absorption. For electrical measurement, the measurement was performed 
normal to the surface of the wafer through the porous silicon layer. Therefore, an 
ohmic contact is needed for the backside of the sample. However, thermal annealing 
at 425 C will affect the photoluminescence properties of the porous silicon and post 
annealing etching is needed to restore the visible photoluminescence. Therefore, 
samples for electron spin resonance and infrared measurements were prepared by 
double cell configuration while samples for electrical measurements were prepared by 
single cell configuration. The ohmic contact was prepared by evaporating aluminum 
onto the backside of the sample and alloying in forming gas ambient ( 15% hydrogen 
in nitrogen ) at 425 C for 25 minutes. 
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2.1.2 Post-anodization treatments 
Various post-anodization treatments have been performed and the effects of 
these treatments to the properties of the PSL have been studied. Low temperature 
annealing at 200 C in nitrogen or oxygen ambient were performed in a conventional 
furnace for 1 to 120 minutes in order to study the electron spin resonance 
characteristics and the effect on photoluminescence. These experiments can show the 
structural characteristics of the materials. For the PSL, some defect states can be 
detected and the relationship on PL, and infra-red can be studied. Finally, a post 
annealing etch was performed in 50% HF for 30 seconds to remove the surface oxide 
and re-passivate the surface with hydrogen. 
After anodization, some samples were oxidized by exposing them in a small 
stainless steel chamber to ozone. Ozone was induced by ionizing oxygen gas with a 
mercury arc lamp that produces ultra-violet light. The schematic of the experimental 
set up is shown in Figure 2.3. Sample was first put into the chamber from one end 
of the chamber and then it was capped with a ultra-violet lamp. Oxygen was passed 
into the chamber so that ozone was generated. After UV ozone oxidation, a post 
oxidation etch was performed by using 1:30 diluted hydrofluoric acid. The aim of 
this experiment is to study the effect of feature size reduction on the properties of PSL 
without introducing thermal degradation. The oxidation cycle is 5 minutes oxidation 
following a 5 minutes etching in 1:30 diluted hydrofluoric acid. 
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Figure 2.3 Schematic of the UV ozone oxidation system 
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2.2 Preparation of Germanium Silicon Alloy 
2.2.1 Ion implantation 
The substrates used in this work were p-type {100} silicon wafers with 
resistivity of 10-20 ohm-cm. Two batches of samples were prepared by 150keV and 
300keV germanium ion implantation. The germanium implantation was performed 
at 150keV with doses of 5x10'' (high dose), 9x10^' (medium high dose) and 1.4x10'' 
cm-2 (the highest dose) and 300keV at doses of 1.4x10^^ (high dose), 2.5x10^^ 
(medium high dose) and 4x10^^ cm'^  (the highest dose). In the 150keV cases the peak 
germanium concentration was 7%, 15%, and 20% in the implanted alloy layer while 
that of the 300keV cases was 8%, 25% and 35%. 
The tetrachloride germane (GeClJ was used for the germanium ion source. 
A small beam current of 3-5 //A/cm was used to reduce the beam healing effect. 
Samples were placed normal to the incident ion beam and implantation was performed 
at room temperature. All implantation was performed at Institute of Low Energy 
Nuclear Physics, Peking Normal University, Beijing, China by a 400keV ion 
implanter. 
2.2.2 Thermal treatment 
Thermal treatment was preformed in conventional heating element furnace in 
high purity nitrogen ambient at various temperatures (400 C, 600 C 800 C and, 
1(XX)°C) for various time intervals from 1 minutes to 100 minutes. Thermal annealing 
was used to remove the implant damage and to recrystallize the ion implanted layer. 
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2.3 Characterization Methods 
Several characterization methods have been used to study the structural, 
chemical, defect, optical and electrical properties of the samples prepared in this 
work. The following will only give a brief account on the tools we have used but the 
details about the principles of the individual techniques will not be given and are 
referred to the relevant references. 
2.3.1 Microscopy studies 
The thickness of the PSL was measured by an OLYMPUS BHM Metallurgical 
microscope equipped with a PM-IOAK automatic exposure photomicrographic system 
and OSM-4 Micrometer eyepiece. The micrometer eyepiece can be used to measure 
structures down to 1000A with the xlOOO magnification. 
Scanning Electron Microscope (SEM) analyse were performed at the 
Department of Physics, Chinese University of Hong Kong using CAMBRIDGE 
Steroscan 360 scanning electron microscope. The SEM was equipped with a rocking 
beam and an OXFORD Link EDS system. Electron Channelling Pattern (ECP) and 
Electron Dispersive Spectroscopy (EDS) measurements can be performed. The 
acceleration voltage used is 20keV for the EDS analysis. 
The surface morphology of the PSL was studied by atomic force microscopy 
(AFM) and an ALPHA STEP depth profiler. The AFM measurement was performed 
on a PARK AFM at Nanyang Technological University, Singapore by Mr. Man Siu 
TSE. The schematic of an AFM was shown in Figure 2.4. It is basically a very high 
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resolution, ultra low contact force profilometer. Very sharp tip was used for the 
AFM probe on the end of a flexible cantilever. The sample was placed on a 
piezoelectric tube scanner which produce precise scan in the X-Y plane. Feedback 
is used to control the contact force of the AFM probe on the surface of the sample so 
that this feedback signal was used to convert into the spatial mapping of the sample. 
Laser beam path Laser diode 
Mirror 
i ^ \ i Flexil)le cantilever 
/ \ Cantilever substrate 
Split photodiode ^ ^ ^ ^ 
S a m p l e - ^ ^ ^ ^ 
Three dimensional 
piezoelectric scanner 
Figure 2.4 Schematic of atomic force microscope 
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2.3.2 Structural studies 
Electron channelling pattern (ECP) analysis mentioned in Section 2.3.1 was 
used to analyse the crystal quality. For a high quality crystal, diffraction lines can be 
obtained. A thin disordered layer will obscure the pattern or, at high levels of 
disorder, eliminate it completely. 
The Rutherford backscattering spectroscopy (RBS) experiments were 
preformed at University of Surrey, England by Dr. C. Jeynes. Experiments were 
carried out using a He+ beam of 1.5 MeV and the detector angle was set at 160 with 
an energy resolution of 16keV. Both the random and the channelling spectra were 
obtained to study the location of the implanted germanium atoms in the alloy matrix. 
The ALPHA step 100 is a commercial surface depth profiler from TENCOR 
instrument with a tracking force of 15mg. The highest vertical resolution is about 25A 
and scan length is 3mm for manual mode and 2.5mm for automatic mode. 
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2.3.3 Compositional studies 
The composition of material was studied by Rutherford backscattering 
spectroscopy (RBS), X-ray photoemission spectroscopy (XPS) and, secondary ion 
mass spectroscopy (SIMS). 
RBS can be used to determine the composition of the material but the 
sensitivity is different for different materials. The XPS used is a Kratos series 800 
system in the Department of Chemistry, The Chinese University of Hong Kong. 
Measurement was performed with the help of Dr. R.W.M. Kwok. Aluminum and 
magnesium targets were used. The binding energy of the MgKa line is 1254eV and 
AlKa line is 1487 eV. The kinetic energy of the emitted electron was measured so 
that the binding energy of the atom can be calculated. Therefore, the atom can be 
identified. For insulating samples, a neutraliser was used to balance the charging 
effect during measurement. PSL has high resistance and the charging effect is 
observed on these samples. Therefore a neutraliser was used during measurement. 
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2.3.4 Electron spin resonance 
The electron spin resonance (ESR) measurements were performed at room 
temperature with a JEOL JES-FE3X spectrometer at X-band and the field modulation 
frequency used was lOOkHz. The detection limit of the machine is in the order of 
total spins. 
The principle of the ESR is based on the absorption of microwave radiation by 
unpaired electrons in the magnetic field. Therefore, ESR spectroscopy is used to 
detect free radicals, odd-electron molecules, transition metal complexes, rare-earth 
ions and triplet-state molecules. The g-factor is also called the splitting factor which 
shows the splitting of atomic energy levels in the magnetic field. 
From the measured ESR spectrum, the g-factor and spin density can be 
deduced. The g-factor can be calculated with reference spin signals which have 
known g-factors. Usually, the reference sample is known as marker which uses the 
Mn2+ ions. The Mn^ "" ion has six known spin signals. Usually the signals with g-
factor of 1.981 and 2.034 are used because the g-factor for semiconductor materials 
are usually around 2. Typical assignment of an absorption spectrum is shown in 
Figure 2.5. Once the separation in the magnetic field between different spin centres 
is known, the g-factor of the unknown spin centre can be calculated by the following 
equation: 
hv = g^H (2.1) 
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= 1 
. ‘ = H-H0 + (2.2) 
hv g2 
where h is Planck constant, 
p is the Bohr magneton, 
H is the magnetic field strength of the unknown spin centre at the maximum 
absorption position (H2 is the magnetic field strength of the marker 2), 
V is the absorption frequency and 
g is the unknown g-factor (gj is the g-factor of the marker 2). 
g, H 
g i ’ H l I 
V / T 
1/H 
Marker 1 Unknown signal g Marker 2 
• 
Magnetic field 
Fig. 2.5 Typical electron spin resonance spectrum of an unknown 
spin centre (g) with two marker centres (gj and g2) 
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The g-factor is affected by the surrounding environment such as atomic 
bonding. For a free electron, the g-value is 2.0023. For amorphous silicon and 
amorphous germanium, the g-factors for the dangling bond are 2.0055 and 2.018 
respectively. In amorphous silicon, there are three types of intrinsic paramagnetic 
defects. They are 2.011 for holes localized in the Si-Si bonding orbit, 2.0055 for the 
dangling bond and 2.0044 for electrons in the antibonding state. In the amorphous 
silicon-germanium alloy, when one of the surrounding silicon atoms is replaced by 
one germanium atom, the g value will be increased by 0.001. The g-factor will be 
increased from 2.0055 for the -Si^Si^ configuration to 2.009 for the -Si Ge; 
configuration. In an amorphous germanium layer, one silicon replacement will reduce 
the g-factor by a factor of 0.0014. Therefore, the g-factor will be decreased from 
g=2.018 for the -Ge^Gcj configuration to 2.014 for the -Ge Si] configuration 
[148,149]. 
The other effect is the anisotropy of the g-factor. There are g and g// 
components in the g-factor. They are the longitudinal and transverse components of 
the magnetic dipole along the principal axis of the magnetic field H applied to the 
sample. This is induced by the anisotropic properties of the effective mass of electron 
in the energy valley of the crystal [162]. 
The total spin is proportional to the area under the absorption spectra. The 
measured spectrum is the first derivative of the absorption spectrum. Therefore the 
total spin is proportional to the value given by integrating the measured signal twice. 
The spin density is estimated by comparing the area measured from the sample ESR 
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signal with that of a carbon standard sample with known total spin. 
ESR spectra were measured as a function of sample orientation with respect 
to the magnetic field to study the g-value anisotropy. The schematic of measurement 
is shown in Figure 2.6. The sample was rotating along the rotating axis in the 
resonance cavity for various angle 6. 
Rotating Axis 
C D 
Magnetic Pole ~ Magnetic Pole 
M m 11 • I < 1111 1 m 
1111 • 11 (I ^ ^ ^ ^ ft 
% 'M I I I n 11111 11 I I % 
V V / ^ V _ J 
N Z / Sample 
Magnetic Field 
Fig. 2.6 Schematic of the angle dependence measurement of the ESR spectra 
• • 
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2.3.5 Optica methods 
Infrared transmission measurements were performed with a computer control 
ORIEL MERLIN system with a 0.25m double monochromator and a lead sulphide 
detector. This is used to measure the near band gap infra-red transmittance. 
A PYE UNICAM SP11 GOES infrared spectroscope has spectral range from 
400 to 4000cm"'. It measures the infrared absorption to study the surface bonding 
species. Due to the changing gratings and filters, there are three linear ranges of 
scanning. They are 400 to 1215cm-\ 1215 to 2150cm-^ and 2150 to 4000cnvi 
respectively. 
Photoluminescence were performed at the Department of Physics by Mr. Chi 
Fai KAN and Mr. Ka Wing TONG. Experiments were done at room temperature by 
using the 514.5 or 457.9 nin line from an Argon laser (Coherent Innova 70) as the 
excitation source and a photomultiplier tube (PMT) was used as the detector. The 
incident power used was about O.OSmW. The schematic of the PL set up is shown in 
Figure 2.7. 
A simple DENFORD Industries, NIPPON PHM-55 ultraviolet lamp, which 
was designed for the fluorescence of bank notes, was used for quick visual observation 
of the photoluminescence uniformity from PSL. 
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Fig. 2.7 Schematic of photoluminescence system 
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2.3.6 Electrical measurements 
2.3.6.1 Spreading resistance profiling 
Electrical characteristics were performed by spreading resistance profiling, 
current-voltage and capacitance voltage measurements. Spreading resistance 
measurements were performed using an SSM 350 semiconductor profiling system with 
a probe load of 10 gm and a probe spacing of 100 /xm. The probe diameter is about 
5/xm. A schematic of the spreading resistance profiling measurement geometry is 
shown in Figure 2.8. 
The spreading resistance technique makes use of a pair of specially conditioned 
point contact probes. These probes will be stepped across the bevelled surface of the 
sample with a step width of AX. The corrected depth AZ with a bevelled angle a was 
calculated by Equation 2.3. 
A Z = AXsina (2.3) 
The resistance profile was directly measured and the corresponding carrier 
concentration, and resistivity profile was evaluated. This technique is widely used in 
junction location. 
For an ideal ohmic material, the spreading resistance which is associated with 
a pair of arbitrary spaced flat, circular contacts with the radius of "r" onto the semi-
conducting material with uniform resistivity is given by Equation 2.4. 
Rc = — (2.4) 
^ la 
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Thickness, t Bevel edge 
- ^ “ “ Z • • • y X i 
Bevelled surface 
A Z = A X sin a 
Fig. 2.8 Probe geometry of the spreading resistance 
In practice, this equation does not hold and correction factors are necessary. 
In fact, spreading resistance depends not only on the resistivity of the sample, the 
conductivity type, and the crystallographic orientation, but also on the surface finish, 
age of the surface, and the probe condition. Therefore, for quantitative results, 
empirical calibration curves are necessary and the spreading resistance profiling 
' technique is a comparison technique. 
The small bevel angle (a) was measured either by the optical method or by 
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ALPHA Step surface profiler. The accuracy in the measurement of the bevel angle 
will directly affect the accuracy of the depth scale for the measured profile. For the 
optical method, the smallest angle that can be measured is T . Therefore, the Alpha 
step surface profiler is used for angles smaller than 7'. Typically, the ALPHA step 
can be used to measure a small angle to the accuracy of 0.05, • It had been introduced 
in Section 2.3.2. 
2.3.6.2 Other electrical measurements 
Current voltage and capacitance voltage measurements were performed at 
room temperature. Experiments were performed under the control of a personal 
computer which equipped with an IEEE-488 interfacing card to control an HP4145B 
semiconductor parameter analyzer, an HP4280A IMHz C Meter/C-V plotter and an 
HP4140B pA meter/DC Voltage source. 
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3.1 General Observation on the Appearance of Samples 
Porous Silicon samples was prepared by anodization in an electrochemical cell. 
After anodization, the PSL was formed. It is a coloured film with various colours 
which depend on the substrate resistivity, HF concentration, and current density. 
Samples prepared with a low concentration hydrofluoric acid solution is more 
yellowish than those prepared with a high concentration hydrofluoric acid solution. 
Samples prepared on degenerate ( 0.01-0.02Q-cm ) substrate have metallic colour. 
Porous silicon prepared on low resistivity substrate is darker than those prepared on 
a high resistivity substrate. According to the substrate resistivity (0.35-20 ohm-cm), 
the colour varied from metallic to dark brownish and then yellowish. This effect is 
similar to the effect of the concentration of hydrofluoric acid. 
3.2 Formation Current Voltage Characteristics 
The current-voltage characteristics of the double and single cell configuration 
were measured with various samples. The formation current-voltage characteristics 
for different resistivity p-type {100} silicon substrates during anodization in 50% HF 
using a double cell configuration in the dark are shown in Figure 3.1(1). The 
current-voltage characteristics measured under a 60W tungsten lamp luminescence are 
shown in Figure 3.1(11). This clearly shows the effect of light illumination, namely 
I 
the injection of carriers into the junction. This effect is not significant for a heavily 
doped substrate. The corresponding characteristics of a 1-2 ohm-cm n-type sample 
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are also shown in the graphs for comparison. 
The anodization current-voltage characteristics for the single cell configuration 
are shown in Figure 3.2 for various resistivity substrates. Curve (a) to curve (d) are 
the measured current-voltage characteristics for a silicon substrate with resistivity 
varying from 0.01-10 ohm-cm. Figures 3.2(1) and (II) show the corresponding 
characteristics of samples anodized in 50%HF and 10%HF respectively. The applied 
voltage is quite small compared with the applied voltage measured in the double cell 
configuration shown in Figure 3.1(1) and 3.1(11). The single cell configuration has 
one forward junction but the double cell configuration has a reversed backside 
junction so that the applied voltage measured is larger. On the other hand, the 
efficiency of carrier injection through the structure is related to the HF concentration 
as described by the diffusion limited model. The applied voltage needed for same 
level of carrier injection in higher HF concentration solution is smaller than the 
applied voltage needed in lower HF concentration solution. Curve (e) shows the 
current-voltage characteristics for an n-type substrate with substrate resistivity of 1-2 
ohm-cm. In comparing it with curve (c) for a p-type substrate with same substrate 
resistivity, the carrier injection efficiency is very small. Therefore, we can conclude 
that the hole is the necessary carrier for the anodization process. 
For the single cell configuration, it can be modeled as a forward diode in 
series with a resistor (R) and an electrochemical cell (E). The equivalent circuit of 
the single cell configuration with an ohmic contact on the back side was shown in 
Figure 3.3. The corresponding current voltage relationship can be written as Equation 
3.1. 
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Fig.3.1 (I) Anodization current-voltage characteristics of p-type 
silicon with double cell configuration in 50% hydrofluoric 
acid for substrate resistivity of (a) 0.01-0.02, (b) 0.35-0.7 
(c) 1-2’ d) 10-20, and (e) 1-2 (n-type) ohm-cm in the 
dark. 
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Fig. 3.1 (II) Anodization current-voltage characteristics of p-type 
silicon with double cell configuration in 50% hydrofluoric 
acid for substrate resistivity of (a) 0.01-0.02, (b) 0.35-0.7, 
(c) 1-2, (d) 10-20, and (e) 1-2 (n-type) ohm-cm under 60W 
tungsten light. 
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Fig 3 2 (I) Anodization current-voltage characteristics of p-type 
. . silicon with single cell configuration in 50% hydrofluoric 
acid for substrate resistivity of (a) 0.01-0.02, (b) 0.35-0.7, 
(c) 1-2, (d) 10-20, and (e) 1-2 (n-type) ohm-cm in the 
darl. 
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Fig. 3.2 (II) Anodization current-voltage characteristics of p-type 
silicon with double cell configuration in 10% hydrofluoric 
acid for substrate resistivity of (a) 0.01-0.02, (b) 0.35-0.7, 
(c) 1-2, (d) 10-20, and (e) 1-2 (n-type) ohm-cm in the 
dark. 44 
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Fig. 3.3 Equivalent circuit of single cell configuration 
V = + 1) + 3.1) 
e I 
where E, V^, / I , R are the voltage across the electro-cell, the electromotive 
force of the cell, voltage across the diode, current through the circuit, dark current 
and series resistance of the circuit respectively. 
A curve fitting program, PEAKFIT was used to extract the parameters. The 
relations of corresponding parameters are shown in Figure 3.4. The ideality factor 
is about 4 for all p-type silicon samples. The series resistance is varied from several 
ohm to 10 ohm for resistivity of 0.01 to 10 ohm-cm in 50%HF etchant. The 
corresponding parameters for those prepared in 10%HF etchant is around 40 ohm. 
The voltage during anodization for p-type samples using the double cell 
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Fig. 3.4 Parameters of current-voltage characteristics of single cell 
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ethanol using p-type {100} 1-2 ohm-cm are shown in Figure 3.5(1). Figure 3.5(11) 
shows the corresponding voltage-time plot for an n-type {100} 1-2 ohm-cm sample. 
The power was turned off for a minute and then power was turned on again to check 
the effect on the voltage change after anodization for a period of time. 
If the injected current is not high enough, a porous silicon layer cannot be 
formed during anodization. This is due to insufficient carrier injection. The voltage-
time measurement for the single cell configuration using 50%HF is shown in Figure 
3.6. The measured voltage across the single cell is increasing during anodization. 
These experiments were performed with a current density of 2mA/cm^.. 
« 
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Fig. 3.5 (I) Voltage against etching time across the two electrodes for 
1-2 ohm-cm {100} in (a) 50%HF, (b) 25%HF, (c) 
10%HF, (d) 25%HF (in ethanol), (e) 10%HF (in ethanol) 
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Fig 3.5 (II) Voltage against etching time across the two electrodes for 
1-2 ohm-cm {100} in (a) 50%HF, (b) 25%HF, (c) 
10%HF, for an n-type silicon substrate using the double 
cell configuration. 
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Fig. 3.6 Voltage against etching time for 0.01-0.02 (b) 0.35-
0.7 (c) 1-2, (d) 10-20 ohm-cm {100} p-type silicon 
substrate in 50%HF etchant with single cell configuration. 
51 
Chapter 3 Porous Silicon - Result 
3.3 Surface Morphology 
The surface morphology of PSL was studied by atomic force microscopy. A 
typical result is shown in Photo. 3.1. The surface of the sample is very rough and is 
covered with clusters with a typical size of 500A. Photo. 3.2 shows the optical 
microscope xlOOO cross section of the PSL prepared on a p-type {100} 1-2 ohm-cm 
substrate using a total current of 25mA for 15 minutes The thickness is 8 fim. 
Figure 3.7 show the Alpha step scan of PSL surfaces. Figure 3.7 curve (a) 
shows the Alpha step scan of the thickness of PSL after part of the film was lifted off 
by increasing the current to polish the PSL/silicon interface. The film thickness is 
3.5/xm 0.1/xm for the centre region. In Figure 3.7 curves (b)-(e) show the typical 
surface profile of PSL prepared by various anodization conditions. Curve (b) shows 
the scan across a cracked PSL which shows that the surface is very rough. By 
comparing curves (e) and (f), we can see that the sample prepared by a solution 
diluted with ethanol is rougher. 
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(b) 3-D morphology 
Photo. 3.1 Topography of porous silicon taken by atomic force microscopy (a) 
Plan view, (b) 3-D morphology 
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Fig. 3.7 Surface roughness measured by ALPHA-step surface 
profiler for samples with resistivity of 1-2 ohm-cm for 
(i) p-type in 10%HF (a) ISmins, lOmA/cm 
(b) 40mins, 2mA/cm2 
(ii) n-type in 25%HF (c) and (d) 15mins, lOmA/cm 
. ( i i i ) p-type in 25 % HF (e) as (c) 
(f) as (c) HF diluted by ethanol. 
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3.4 Electron Spin Resonance 
Electron spin resonance measurement is used to characterize the bonding 
environment especially to detect the unpaired electrons. These unpaired electrons 
(free radicals) was responded to the magnetic field so that this measurement can be 
used to study the number of dangling bond. It was particularly used to identify 
dangling bonds in the material. As dangling bonds can introduce recombination 
centres in the energy gap, ESR measurements were performed to characterise the 
effect of these defects on the PL efficiency. 
In order to characterise the structural details of the surface of PSL, angle-
resolved electron spin resonance was performed on various PSL samples formed on 
{100} or {111} crystal orientation with resistivity of 10-20 and 0.35-0.7 ohm-cm 
silicon substrates. Low temperature (200 C) annealing (in nitrogen ambient) and 
oxidation (in oxygen ambient) was performed to figure out the effect of the ambient 
on the PSL. Figures 3.8 and 3.9 shown typical angle resolved ESR spectra of PSL 
growth on {100} and {111} substrates after a post-anodization annealing at 200 C. 
The curves clearly show the anisotropic properties of g-factor for {100} and {111} Si 
substrates. If the dangling bond is in the amorphous state, it should be an isotropic 
signal with a g-factor of 2.0055 as the dangling bond will be orientated randomly. 
The measured signals vary according to the angle between the sample orientation and 
the magnetic field. Therefore, the magnetic dipole is aligned with a certain 
orientation. The spin is well orientated in the sample which means that these defects 
are at well oriented crystalline surfaces. This is the very few examples where the 
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Fig. 3.8 Angle resolved ESR spectrum from a {100} substrate after 
annealing at 200°C in nitrogen. 
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Fig. 3.9 Angle resolved ESR spectrum from a {111} substrate after 
annealing at 200°C in oxygen. 
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anisotropy can be measured directly. Crystalline materials have a very small spin 
signal. But PSL is a three-dimensional structure with a very large surface area per 
unit volume so that anisotropic properties could be observed directly from ESR 
measurements. This result shows that the interface between the PSL/oxide layer is 
well orientated. 
The measured ESR spectra were decomposed into three spin signals (g” gj and 
g3). Figure 3.10(1) shown a typical de-convoluted spectrum from a PSL prepared on 
a {100} substrate measured at 90 after annealing at 200 C in nitrogen. It clearly 
show that the measured spectra is reasonably fitted with these three compounds. 
These three spin signals can be used to fit all the measured spectrum with difference 
measured angle so that a g-map was constructed. 
This anisotropic g-factor mapping has the relation of Equation 3.2. 
= g] sin'6 + gi' cos'0 (3.2) 
with g//=2.0015 and g =2.008 where 0 is the angle between the magnetic field and 
the [111] direction. In the graph, the angle used is the angle measured between the 
magnetic field and the [100] direction. Figures 3.10(11) and (III) show the anisotropy 
g factor map for PSL growth on {111} and {100} respectively. 
Other measurements were performed to find out the nature of PSL growth by 
other techniques. Chemical etched samples were subjected to the same test. Figure 
3.11 show the angle resolved ESR spectrum of non-anodized PSL prepared by etching 
in nitric acid solution (HN03:HF:H20=1:3:5) after annealing at 200X for 10 minutes 
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Fig. 3.10(1) Typical de-convoluted angle-resolved ESR spectra into 
three components (g” gj and g )^ from PSL prepared on 
a {100} substrate with measured angle of 90 after 
annealing at 20(rC in nitrogen. 
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theory. is the angle between the sample normal to the 




2 . 0 0 8 - z-
\ Z • / A \ / ' \ 
. z \ / s V 
/ / N 
' ^ \ , \ \ / 
2 . 0 0 6 • ! • : 
o . • \ / / 
t5 \ \ / A g2 ' 
^ \ \ / / • 
V \ / / 
\ V ‘ 
2.004 - t / 
\ K ‘ 
‘ \ / \ ' • ‘ 
A / \ / 
\ / / , 
\ ‘ \ z 
2 . 0 0 2 - \ Z • y 
2 
0 60 120 180 
Angle (degree) 
Fig. 3.10(111) g-factor anisotropy maps for samples prepared on {100} 
silicon substrate. The dash curves are formed from 
theory. is the angle between the sample normal to the 






3335 3355 3375 3395 
Magnetic Field (Gauss) 
Fig. 3.11 Angle resolved ESR spectra for {100} substrate prepared 
by chemical etching in nitric acid with post etched 
annealing in oxygen at 200 C for lOmins. (a) as-
prepared, (b) 0°, (c) 30°, (d) 60° and (e) 90 . 
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in an oxygen ambient. The signal was weak but it does show similar structural 
characteristics to the PSL prepared by anodization. The etch rate difference for 
difference crystal planes allows the anisotropic properties to be observed. 
After low temperature annealing in a nitrogen or oxygen ambient, the ESR 
signal was measured again. This was repeated several times to measure the amount 
of dangling bonds in the PSL. Figure 3.12 show the corresponding ESR spectrum of 
samples with an angle of 45 between the sample surface normal and the magnetic 
field for different parts of the same sample after various treatments. The magnitude 
of the ESR signals have been normalized to the sample surface area. The line shape 
of all spectra in Figure 3.12 remains essentially the same. Curves b and c show that 
the sample annealed in an oxygen ambient will give a larger spin signal than that 
annealed in the nitrogen ambient. Afterwards post anneal etching was performed with 
the sample, the ESR signal was reduced to the same order of magnitude as the as-
prepared sample. The changes of spin density were measured for samples with 
different preparation and annealing condition. The measured spin density is shown 
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Fig. 3.12 ESR spectra of p-type, {100}, 0.35-0.7ohm-cm, 
lOmA/cm^ 30mins in 50%HF after various treatment (a) 
as prepared, (b) 200 C Nj 30mins, (c) 200 C 0 30mins, 
(d) post annealing etch in 50%HF for 30sec with (t)=45°. 
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indicated. 
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time used in the preparation of these samples is as 
indicated. 
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3.5 Composition Characteristics 
Four samples had been sent to University of Surrey for the Rutherford 
backscattering measurement. As the samples are too thick, no channelling experiment 
were performed. These samples had been stored in air for a year. They show similar 
compositions. Figure 3.14 show the RBS spectra for p-type {100} 0.35-0.7 ohm-cm. 
Curves (a) and (b) show the result with and without annealed at 200°C in an oxygen 
ambient for 30 minutes respectively. It can be seen that the PSL is mainly composed 
of silicon and oxygen. 
ESCA depth profile analysis was performed on one sample. The spectra are 
shown in Figure 3.15. It shows that the composition of the PSL varies slowly across 
the interface after 50 minutes sputtering. This is due to the nature of the PSL that has 
many pores so that the sputtering surface is an ensemble of surfaces at difference 
depths. 
The XPS measurements were performed in silicon for a p-type {100} 1-2 ohm-
cm untreated silicon sample. The silicon 2p XPS spectra of 1-2 ohm-cm untreated 
silicon sample and PSL were measured and recorded in Figure 3.16 curves (a) and (b) 
respectively. 
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Fig. 3.15 ESCA profile for the porous silicon layer prepared on 
0.35-0.7 ohm-cm, p {100} silicon substrate, lOmA/cm^ in 
50%HF for 15 mins. 
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Fig 3.16 X-ray photoemission spectra of the silicon 2p peak for (a) 
untreated 1-2 ohm-cm silicon substrate, (b) porous silicon 
layer prepared in 50%HF excited with the MgKa line. 
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3.6 Optical Characteristics 
To study the optical properties of the PSL, infra-red transmittance and 
photoluminescence were performed. The infra-red transmission spectra can be used 
to characterise the presence of some specific chemical bonding on the surface. The 
details of optical transitions in the material can be obtained from the 
photoluminescence measurement. 
3.6.1 Infra-red transmittance studies 
IR transmission spectra were recorded with samples prepared on p-type {100} 
0.35-0.7 ohm-cm substrates in 50%HF etchant. Figure 3.17 show the IR 
Transmittance spectra. Curve (a) shows the spectrum of bare silicon. Curve (b) to 
(f) show the spectra after annealing at 200 C in nitrogen and oxygen. Curve (g) 
shows the infra-red spectrum of chemically etched samples (by 
HN03:HF:H20 = 1:3:5). 
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Fig. 3.17 Infra-red transmission spectra for samples (a) bare 
silicon, (b) as anodized sample, rinsed in DI water, (c) 
annealed in N2 for 30minutes, (d) annealed in O2 for 
30minutes, (e) annealed in Nj for 120minutes, (f) 
annealed in Nj for 120minutes plus post-annealing etch, 
(g) prepared by chemical etched in Nitric acid. Samples 
were prepared on p-type {100} 0.35-0.7 ohm-cm by 
anodization in 50%HF solution for b c d 15minutes, e’f 
30minutes at a current density of lOmA/cm^ The post-
annealing etch was performed in 50%HF for 30 seconds. 
Annealing was preformed at 200°C. 
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3.6.2 Photoluminescence 
Photoluminescence measurement is a powerful and sensitive method to study 
the properties of materials. In this study, samples for the experiment of comparing 
the PL characteristics are checked for PL uniformity under the NIPPON PHM-55 
ultraviolet lamp. . 
Figure 3.18 shows PL spectra from different regions on the same sample. The 
samples were prepared on p-type {100} 0.35-0.7 ohm-cm with 25mA in 10% HF 
solution for ISminutes. Curves (a) and (b) are PL spectra measured from the cracked 
region and polished region of a PSL sample respectively. The PL intensity from the 
cracked region is higher. The surface is cracked due to mechanical stress and 
weakness due to small silicon structure size. The small structure size and cracks 
produce better electrical insulation between adjacent structures so that photoexcitation 
is more efficient. The measurement show that the two spectra have a similar peak 
position. The feature at 6000 is due to the grating of the monochromator. 
Micrographs 3.3(a), and (b) show a good morphology region and a cracked region 
from different samples respectively. 
Moreover, the effect of thermal treatment on the PL effect was studied. 
Annealing was performed under an oxygen or nitrogen ambient to test the oxidation 
effect. Low temperature oxidation can be used to reduce the microstructure size of 
the PSL without removing the luminescence structure so that visible PL can still be 
observed. The oxidation rate at high temperature is high so that the microstructures 
can be completely oxidized and then removed by post-oxidation HF etching. This 
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Fig. 3.18 Photoluminescence from different region on the same 
sample (a) cracked region, (b) polished region 
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experiment is essential to verify the quantum size effect if the PL intensity and peak 
position relation are related to the structure size. Figures 3.19 and 3.20 show the PL 
spectrum of PSL prepared on p-type {100} 0.35-0.7 ohm-cm in 50% HF solution with 
lOmA/cm-2 30minutes after annealing the porous silicon layer in oxygen and 
nitrogen ambient at 200 C and post annealing etching. 
As the thermal treatment has both thermal effect and oxidation effect, room 
temperature oxidation was performed under UV ozone to oxidize the sample without 
heating. Two samples were prepared on 1-2 ohm-cm in 50%HF with (a) 2mA/cni-2 
40minutes, (b) lOmA/cm"', 15minutes. The corresponding PL spectra of PSL after 
successive UV ozone oxidation and HF etch cycles for different samples are shown 
in Figures 3.21 and 3.22. The peak position was used to estimate the size of 
luminescence structure. From the simple calculation by particle in a box, the size of 
o 
the luminescence structure is about 30,s A. 
« 
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Fig. 3.19 Photoluminescence spectra for samples annealed in 
oxygen ambient at 200°C (a) as anodized, (b) 30minutes 
x400, (c) 60minutes x40, (d) and (e) as (c) plus post 
annealing etching in 50%HF for 30 seconds. Samples 
were prepared on p-type {100} 0.35-0.7 ohm-cm by 
anodization in 50%HF solution 30minutes at a current 
density of lOmA/cml The post-annealing etch was 
performed in 50%HF for 30 seconds. 
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Fig. 3.20 Photoluminescence spectra for samples annealed in 
nitrogen ambient at 206 C (a) as anodized, (b) lOminutes 
x400 (c) x20 and (d) 60minutes plus post annealing 
etching in 50%HF for 30 seconds. Samples were 
prepared on p-type {100} 0.35-0.7 ohm-cm by 
anodization in 50%HF solution 30minutes at a current 
density of lOmA/cm^. The post-annealing etch was 
performed in 50%HF for 30 seconds. 
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Fig. 3.21 Photoluminescence spectra for samples were oxidized in 
ultraviolet ozone ambient at room temperature for (a) as 
anodized, (b) first cycle, (c) second cycle. Sample was 
prepared on p-type {100} 1-2 ohm-cm by anodization in 
50%HF solution 40minutes at a current density of 
2mA/cm^. The post-oxidation etch was performed in 
1:30 diluted 50%HF solution for 5 minutes. Each cycle 
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Fig. 3.22 Photoluminescence spectra for samples that were oxidized 
in ultraviolet ozone ambient at room temperature for (a) 
as anodized, (b) first cycle, (c) second cycle, (d) third 
cycle. Sample was prepared on p-type {100} 1-2 ohm-cm 
by anodization in 50%HF solution ISminutes at a current 
density of lOmA/cm^. The post-oxidation etch was 
performed in 1:30 diluted 50%HF solution for 5 minutes. 
Each cycle consists of 5 minutes oxidation following by 
post-oxidation etch. 
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3.7 Electrical Properties 
Samples prepared by the single cell configuration were used to study the 
electrical properties. The current-voltage characteristics of an aluminium/PSL 
Schottky diode for an aluminium/bare Si and aluminium on porous silicon Schottky 
are shown as curves (a) and (b) in Figure 3.23 respectively. The cut-in voltage is 
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Fie 3 23 Dark current-voltage characteristics for (a) Al/bare Si 
• contact, (b) Al/PSL Schottky diode. PSL was prepared on 
{100} p-type 10-20 ohm-cm silicon substrate by 
anodization in 50%HF for 20minutes. Aluminum was 
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For samples prepared by the single cell set up, the quality in general is better 
if good Ohmic contacts were prepared onto the backside of the samples. The 
uniformity is better if a higher HF concentration or a lower resistivity substrate was 
used. The latter can give a better current distribution on the sample so that better 
uniformity can be achieved. Gas bubbles were generated during anodic etching. The 
formation of bubbles make control of the uniformity difficult as these bubbles alter 
the current distribution. An ultrasonic bath was used to remove these bubbles but it 
was not very successful. Violent agitation or ethanol is needed to be applied to the 
solution so that bubbles can be efficiently removed. Ethanol is used to wet the silicon 
surface so that the size of the bubbles is reduced. The colour of the PSL formed was 
more yellowish and can be easily removed. Higher porosity means higher ratio of 
empty volume in the layer. Therefore the PSL is mechanically weaker than those 
prepared by water diluted HF solution. The etching rate is higher at the boundary of 
the etched area. This was believed to be due to stress or edge effects of the electric 
field. 
4.1 Formation Properties 
For p-type silicon substrate, the starting cell voltage is high for the double cell 
configuration and small for the single cell configuration. For an n-type silicon 
substrate, the cell voltage is high because a reverse voltage was needed to be applied 
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across the silicon electrolysis junction. On the other hand, silicon residuals by 
chemical etching silicon wafer in HN03:HF:H20 =1:3:5 solution can be produced. 
These residuals has similar properties as to PSL and have room temperature visible 
. P L . Namely the emission of visible luminescence. The formation mechanism of PSL 
was studied[42-45]. They concluded that the process is due to the inhomogeneous 
etching of the substrate. The confinement of the current is due to the presence of a 
depletion layer of carrier in the surface so that no ion exchange in that region and 
therefore, residuals was left. Usually, the mechanical-chemical finished wafer surface 
is not perfect and has small pits. These act as the initial seed for the inhomogeneous 
anodization process. 
The chemical reactions involved in anodization are the result of the 
competition of three main reactions. These are : oxide formation, oxide dissolution, 
and dissolution of silicon.[43] The anodization process depends on the supply of 
holes. The overall electrochemical reaction is described in Equation 4.1. 
Si + 2HF + (2-n)h+ - SiF! + 2H+ + n e. (4.1) 
with n < 2 h+ and e- represent holes and electrons respectively. 
Therefore hydrogen is given out during anodization. Gas bubbles stick on the 
silicon surface and cannot be easily removed. Ethanol diluted etchant can help to 
remove these bubbles as ethanol has a better contact to the wafer surface. Ethanol 
acts as a surfactant during the electrochemical process. 
The anodization current-voltage characteristics for the double cell configuration 
using different resistivity substrate, in 50%HF in dark and light luminescence are 
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shown in Figures 3.1(1) and (II) respectively. They clearly show that the current 
injection efficiency was increased under light luminescence because photons will 
enhance carriers injection through the backside reversed junction. 
The current voltage characteristic for the single cell configuration in 50%HF 
and 10%HF are shown in Figures 3.2 (I) and (II) respectively. By comparing these 
two graphs, it can be concluded that carrier injection is different for different 
anodization cell configuration. The double cell configuration includes a reversed 
biased junction but this is not the case for the single cell configuration. Therefore, 
under the same current injection level, a p-type substrate with double cell 
configuration needs a higher starting voltage for formation than a p-type substrate with 
the single cell configuration. 
The single cell configuration can be modeled by the equivalent circuit 
described in Section 3.2. A curve fitting program was used to extract the parameters. 
The results show that the ideality factor is about 4 which means that the junction is of 
good quality. 
The voltage time curve for the double cell configuration in Figures 3.5(1) and 
3.5(11) clearly shows the decrease in voltage after anodizing for a period of time. 
When the supply was turned off for a minute, the restart voltage was same as the 
starting value and then reduced again. This means that the reverse barrier is reduced 
during anodization. The single cell configuration shows an increase in cell voltage 
during anodization rather than a decrease as that observed with the double cell 
configuration. This is due to the formation of the PSL so that the series resistance is 
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increased by means of the depletion layer below the PSL surface and also the increase 
in thickness of the PSL. 
Typically the thickness of PS layer is lO/zm. The cross-section of PS layer 
under xlOOO optical microscope was shown in Photo. 3.2. Photo. 3.3 show the 
observations of a dry lake bed appearance with a network of cracks in the highly 
etched regions. This shows that the strain in the film is high enough to create cracks. 
These features were always observed with high resistivity (10-20 Q-cm) samples or 
medium resistivity (1-2 Q-cm) samples using low HF concentration solutions. 
Therefore to obtain better quality PSL samples, counter conditions should be used. 
4.2 Structural Properties 
The grain size as revealed by atomic force microscopy (photo 3.1) is < 500A. 
However, according to the quantum confinement model[51], this is not small enough 
to account for the efficient visible light emission from the PSL samples. There should 
be some even smaller structures in the PSL. A.G. Cullis et al[131] had investigated 
PSL by transmission electron microscopy. They reported that there are small silicon 
structures with a feature size in the range of a few nanometres. Therefore annealing 
at high temperature can easily destroy these features by oxidation. On the other hand, 
it was reported that the pore size is larger giving a higher porosity for a lower HF 
concentration[43-45]. After drying, the samples of higher porosity are found to crack 
easier and the films formed were mechanically weak. Therefore cracks can be 
observed in samples prepared by using less HF concentration. 
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4.3 Paramagnetic Centres in Porous Silicon 
We have mentioned in the last chapter that samples for the ESR experiments 
have been prepared in three batches in order to study the effect of annealing on spin 
density (dangling bonds) and the effect of these dangling bonds on the PL intensity. 
Bulk Si samples show a negligible ESR signal, whilst for the PSL samples, 
there is an ESR signal. PS powder was obtained by scratching off the PSL from a 
substrate. This was placed in a capillary tube with a sealed opening. We detected a 
spin centre with a g-factor of 2.006. This is similar to a-Si. The capillary tube was 
sealed and kept for two years. After that time, there is no significant change either 
in the colour or the PL intensity. Therefore, PSL is stable in inert ambient. 
The angle resolved ESR spectra were shown in Figures 3.8 and 3.9. This 
series was shifted in angle in increments of 60 . This is close to the angle between 
the direction <111> and <100> which is equal to 54.7 . These ESR spectra show 
similar angle dependence as the defect centre generated in Si/SiOj structure grown on 
{111} Si substrates and the radiation-induced point defects in Si/SiOz structure with 
{100} Si substrates[135]. The anisotopic g-factor has the relation given in Equation 
3.2. 
The Pbo centre, which was first identified by E.H. Poindexter and 
co-workers[135] is a silicon atom bonded to three other silicon atoms at (001) Si-SiO? 
interfaces and is chemically identical to the Pb centre at (111) Si-SiO interfaces. It 
is known that Pb centres are amphoteric interface state defects with levels broadly 
distributed throughout the band gap. These defects can introduce non-radiative 
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recombination sites so that the PL intensity decreases as the spin density increases. 
On the other hand, it is known that an oxygen-terminated surface is more amorphous-
silicon-like but that a hydrogen terminated surface is more micro-crystalline-like. [ 132] 
The study of Raman spectra shows that hydrogen passivated surface has 
microcrystalline properties with a peak at about 510cm-\ For the oxygen passivated 
surface, the interstitial oxygen atoms can alter the charge distribution of the bonding 
and the bond angle. The Raman spectra have an amorphous-silicon-like peak near 
500cm ^ 
For the PSL prepared on crystalline silicon wafer, significant orientation-
dependent splitting in the ESR spectra has been observed for all samples, including 
samples on {111} and {100} Si substrates, and was also observed in non-anodized 
samples. This anisotopic dependence was first described in detail at the Material 
Research Society (MRS) conference in Dec. 1992[133]. The same effect was 
discovered in parallel and independently by F.C. Rong et al[134]. 
The orientation dependence of our spectra indicates that the paramagnetic 
centre exhibits C3V symmetry and the angular dependence of the line position obeys 
Equation 3.2. This spin signal come from trivalent centre Pb which is silicon 
backbonded with three silicon atoms as shown in Figure 4.1. As the PSL is a three 
dimensional system so that there are almost equal probability to form oxygen bonds 
in all bonding directions. 
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Fig. 4.1 Bonding of a trivalent Pb centre in silicon lattice. 
By deconvolution of the spectra, we have obtained the ESR g-value anisotropy 
maps for the samples prepared on {111} and {100} Si substrates[133]. The values of 
g// 2.0015 and g 2.008 from the works of E.H. Poindexter et al[135] for the 
P^ centre gives a reasonable fit to our experimental data. The ESR defect centres in 
these porous silicon samples were therefore identified to be Pbo-Hke centres of the 
Si-Si02 system. These spectra clearly show that it contains several components. These 
spectra were decomposed into three components with Lorentzian line shapes. Figures 
3.10(1) and (11) showed the angle map of these g components with respect to the angle 
between the direction of the magnetic field (normal to the wafer surface). Figure 
3.10(1) shows the g-tensor map for PSL prepared on a {111} wafer and Figure 
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3.10(11) shows that for a {100} wafer. The difference between the (100) and (111) 
wafers is an angle shift in the g-factor map. The angle shift is equal to the angle 
between the crystal plane (100) and (111) which is 54.7 . These g-tensor maps 
showed that the ESR signal obtained from PSL is mainly Pb . The map showed some 
distortion from the theoretical value as the crystal structure of anodized PSL has little 
distortion and lattice expansion[136]. 
More recent work on the ESR study of porous silicon[137-142] has confirmed 
this result. In particular, F.C. Rong et al[142] have performed a careful study on the 
nature of the ESR centre and assigned it the name as a P^ u centre. We shall thereafter 
adopt their convention and refer this ESR centre as a P^ u centre. From the anisotopic 
properties, it can be concluded that the PSL has a fairly good crystalline structure with 
the same orientation as the substrate. 
After annealing (Nj/Oj ambient), the sample was subject to a 50%HF etch, the 
PL intensity was restored with a blue shift. This suggests that the defect centre is 
located on the PSL surface. It can therefore be easily removed or repassivated by an 
HF etch ( which is known to create a hydrogen terminated silicon surface ) with the 
result that the ESR signal is reduced to the 'as prepared' level. However samples 
show after prolonged storage a strong PL intensity with also a strong ESR signal. 
This shows that low dangling bond concentration is not the sole factor for achieving 
efficient PL. 
Figures 3.13(1) and (II) show the spin density after oxygen and nitrogen 
annealing respectively. The spin density of nitrogen annealed samples was about 
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9 x l O ^ W and that for oxygen was about S x l O ' W . Spin density Ng is typically 2 
to 3x10" cm-3 for the as-anodized samples. After annealing in N! ambient, Ns is 
found to increase with annealing time and gradually saturates at a value of about 
9x1016 cm\ However, after annealing in O2 ambient for 30 minutes, Ns rises rapidly 
by about two orders of magnitude, but then decreases on further annealing. The 
annealing behaviour of Ns can be understood as follows ( assuming that the ESR 
defect centres in these samples are known to be P^ u centres ). In N2 ambient, Ns 
increases with annealing time since there is some oxidation by residual oxygen gas on 
the large total surface area and P^ ^ centres are formed due to the partial or imperfect 
oxidation. When an equilibrium partially oxidized surface is formed at a small 
oxygen partial pressure, Ns becomes saturated. On the other hand, for annealing in 
O2 ambient, the rapid rise in Ns in the first 30 minutes is due to creation of P^ u centres 
in the initial stage of oxidation. After more complete oxidation, the density of the Pb 
centres greatly reduces and hence the reduction in Ns. Ns was found to be reduced 
to a level similar to that of the as-anodized samples after a post-annealing etch for 
both samples annealed in Nj or O2 ambient. 
After these measurement, samples were dipped in 50% HF for 30 seconds and 
ESR measurement was repeated. Figure 3.12 shows the ESR spectrum after these 
treatment. After HF etching, the ESR signal is reduced to the original magnitude. 
This was due to the repassivation of Si surface with hydrogen and the removal of the 
Si-0 matrix. 
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4.4 Compositional Properties 
X-ray Photoemission spectroscopy(XPS) was used to study the bonding state 
of the PSL. Si+ Si^ "", Si^ "" and Si^ "" can be clearly observed from the Si 2p spectrum 
by XPS. Therefore we can conclude that the oxide is thin, otherwise the Si4+ signal 
will swamp the other signals. On the other hand, if the oxidation is incomplete, 
relative large signals from the different components will be observed. From RBS the 
ratio of Si:0 is about 1:1 and 1:1.5 for samples without and with oxygen annealing 
(200 C) respectively. Therefore, the PSL is oxygen rich layer but the composition is 
less than 2 ( the stiomatric ratio of SiO ) so that there are silicon clusters embedded 
in the Si-0 matrix even after low temperature annealing. The XPS depth profile 
shows similarly that there is excess of silicon left in the PS layer. 
Infra-red absorption spectra can be used to study the bonding environment. 
Infra-red spectroscopy was used to determine that the surface of the PSL was mainly 
covered by silicon-oxygen, monohydride and, dihydride. It was observed that Hj is 
desorbed as the sample was annealed at high temperatures. Previous studies[143] 
show that hydrogen from SiH: desorbed at between 640 and 700K and that from SiH 
desorbed at between 720 and 800K. Therefore, hydrogen should not be desorbed by 
annealing at 200 C. 
Typical IR spectra are shown in Figure 3.17. It seen that after annealing in 
oxygen (spectrum d), the number of Si-O-Si bonds increases significantly compared 
with the as-anodized sample (spectrum b) and the samples annealed in nitrogen 
(spectrum c). On the other hand, the number of the SiH and SiHj bonds appeared to 
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be less. The SiHj bonds are partially backbonded with oxygen to form the absorption 
band at 2000-2300 cm"'[144]. The presence of Si-O-Si band for the as-anodized 
sample is due to oxidation during the rinse in DI water. From spectrum (e), for 
samples annealed in N! for 120 minutes, there are signs of increase in the SiHj bonds 
being backbonded with oxygen probably due to oxidation by the residual oxygen gas 
during annealing. There is no significant loss of SiH, bonds after 200 C annealing. 
At ~3000cm"\ carbon contamination was observed from CH], CH3. Si dangling 
bonds r530cm-i) increased in number after annealing in O2. For the post-annealing 
etched samples, both the Si-O-Si band and the band corresponding to the oxygen 
backbonded SiH] bonds have been eliminated and a sharp SiH absorption peak is 
recovered. 
Infra-red (IR) transmission spectra of anodized and non-anodized porous 
silicon are compared in Figure 3.17 curves and (g). The IR spectrum of anodized 
Silicon shows the existence of SiH/SiHj bonds but non-anodized porous silicon shown 
IR spectra similar to virgin Silicon wafer with a similar magnitude of PL intensity. 
Therefore, surface chemistry is not sole factor for the visible PL. 
94 
Chapter 4 Porous Silicon - Discussion — 
4.5 Photoluminescence 
Chemically etched silicon film has a PL peak at 640nm 15 % (1.94eV) with 
FWHM of 120nm 10% (0.367eV). It can be clearly seen that the peak is located at 
a shorter wavelength than the PL peak from the anodized PSL. From our 
observation, the PL intensity degrades more rapidly than that of anodized film. After 
prolonged storage in air, the PL disappeared. This was consider to be due to the fact 
that the film was completely oxidized, removing the structures giving rise to PL. 
To verify the dependence of PL on the microstructure size in the PSL, 
anodized samples were etched in HN03:HF:H20= 1:3:5. The PL peak exhibited a 
large blue shift after flash etch in this solution. The IR spectrum shows no evidence 
for SiH/SiH2 bonds and is similar to the spectrum from chemically etched samples. 
Therefore we conclude that PSL has no direct correction to the presence of SiH/SiHj. 
After prolonged etching, the colour changed from yellowish to a metallic appearance. 
Similar blue shift was observed from prolonged etching in a 50% HF solution. The 
PL peak position changed from 755 to 713nm after 6 hours etching in 50%HF 
solution. 
The PL intensity from cracked region was usually higher than for the non-
cracked region.[146] The PL from the cracked region and the polished region are 
shown in Figure 3.18. They show a similar peak position but their intensities are 
fl 
different by two order of magnitude. The polished region was metallic in colour and 
seem to have no PSL left after the PSL was removed by increasing the anodization 
current density. 
95 
Chapter 4 Porous Silicon - Discussion 
After storage in ambient for a long time ( more than a year ), the PL from the 
anodized PS layer shows a significant blue shift and the IR spectrum shows a strong 
Si-O-Si absorption. For the high porosity sample, the colour changed from yellowish 
to a metallic colour with strong PL. This shows that the PSL is mostly oxidized and 
that the luminescence microstructure is embedded in the silicon oxide structure. For 
a non-luminescent PSL sample, photoluminescence can be observed after storage in 
air for a period. A PSL will oxidize spontaneously at room temperature. Oxidation 
will reduce the structure size but also improve the isolation between adjacent 
structures so that the efficiency of excitation is improved. This supports the Quantum 
Size Effect which predicts that the PL intensity will increase as the structure size 
decreases. Theoretical studies[69] show that the exciton oscillator strength of the 
A 
optical transition will be enhanced as the structure size is decreased. On the other 
hand, while the structure size reduced, the PL-stimulated volume is reduced if the 
penetration depth by the probe light is larger than the PSL thickness. For the situation 
where the penetration depth is less than the PSL thickness as the size of the structure 
is reduced, the penetration depth of the probe light increases. This is because the 
effective media absorption coefficient is reduced when the partial volume of air is 
increased. Therefore, the stimulated volume effect is only a competing effect if the 
penetration depth of the probe light is larger than the PSL thickness. 
Thermal annealing makes the PL peak shift to the red. IR spectra shows no 
loss of SiHx bonding after annealing at 200 C but the silicon stretching bond ( 2000 
-2300 cm'') shifts to the higher energy side due to the formation of back bonds with 
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oxygen. 
Figures 3.19 and 3.20 show the PL spectra after annealing in oxygen and 
nitrogen respectively. Figure 3.19 compares the spectrum for the as-anodized sample 
(curve a) and that for annealing in O2 for 30 minutes (curve b). The PL intensity 
decreases slightly and then increases after annealing in O: for 60 minutes (curve c). 
After annealing, the sample was subject to 50% HF, 30 seconds etching, and the PL 
(curve d and e) recovered strongly. Curves d and e also show the effect of etching. 
The PSL surface was roughed by the etching. There is difference of one order of 
magnitude in PL intensity but the position of the PL peak is similar. 
The PL spectra after treatment in nitrogen is shown in Figure 3.20. The PL 
intensity is decreased with a slight red shift after annealing in N? at 200°C for 10 
minutes (curve b). Curves c and d show the PL intensity of the samples annealed and 
then etched. There is a significant increase in the PL intensity after a post-annealing 
etch in HF solution for 30 seconds while, as mentioned above, the spin densities for 
the samples after post-annealing etch are similar to those of the as-anodized samples. 
Therefore, there is no simple correlation between the spin density and the PL 
intensity. The N] annealed then etched sample is shown to have a strong PL intensity 
that is similar to the un-etched O2 annealed sample. A blue shift in the PL peak 
position is also observed in these spectra. This blue shift is probably due to the 
reduction in the size of the Si micro-columns because of oxidation during annealing 
or after the post-annealing etch in a similar way to that reported by L.T. Canhani[51]• 
For conventional furnace annealing, there are thermal effect on the PSL even 
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at low temperatures such as 200T. Therefore, UV ozone oxidation was performed 
at room temperature. Because of the low temperature used can avoid thermal effects 
but still cause the photo-desorption of hydrogen from the PSL. This oxidation process 
reduce the size of the silicon clusters in the PSL. The PL spectra after each UV ozone 
oxidation and HF etching are shown in Figures 3.21 and 3.22. This confirms that the 
blue shift of PL after 1:30 dilute etching is due to oxidation and not thermal effects. 
When an ethanol diluted etchant is used, the PSL has a more uniform PL 
distribution across the wafer. The ethanol acts as surfactant to wet the silicon surface 
so that fewer and smaller bubbles are attached to the silicon surface. From the Alpha 
step measurements, the surface roughness of these samples is worse than the samples 
prepared in deionized water diluted etchant. Under UV Ozone oxidation, PL was 
completely extinguished after one oxidation cycle due to the completely removal by 
etching of the PL microstructure. Therefore, the PL microstructure is very thin. 
The equation used to calculate the energy gap splitting by using a simple 
potential well with an infinite well barrier is shown in Section 1.2.1. The energy 
band splitting diagram for silicon is shown in Figure 4.2. From the measured spectra, 
the peak luminescence wavelength can be measured. By using the equation of wave 
mechanics, the corresponding size can be obtained from Figure 4.2. 
E - ^ (4.2) 
A» 
where E is the energy of transition, 
h is the Planck constant, 
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c is the speed of light, 
is the wavelength. 
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Fig. 4.2 Energy band gap splitting against size of the quantum 
. structure for (a) 2-D, and (b) 3-D confinement calculated 
by simple potential well with infinite well height. 
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From the calculated wavelength, the corresponding cluster size can be 
deduced. There is not much sensitivity to the luminescence structure size of the 
corresponding PL peak position for 2-D and 3-D confinement. Figure 4.3a show the 
corresponding size of the luminescence structure after each oxidation-etching cycle. 
The structure size is about 30-40 . A f t e r each successive oxidation-etching cycle, the 
structure size was reduced by about lA, which is small compared with the oxide 
thickness. 
Oxidation is a diffusion limited processes. Therefore there is an effective 
maximum thickness that can be obtained. The maximum oxide thickness for ozone 
oxidation on crystalline silicon wafer is about 80 [161]. For the PSL, the thickness 
limitation should be different. Here, the thickness for crystalline silicon is used to 
estimate the oxide layer thickness. Figure 4.3b show the estimated cluster size 
reduction against the number of oxidation-etching cycles. For the oxidation 
processes, one unit thickness of oxide will consume 0.4 units of silicon. Therefore, 
the corresponding silicon thickness removed will be 32 from each side of the silicon 
microstructure. 
The calculated structure size from the PL measurement is in the order of 30A. 
The effect of this oxidation-etching process is not only to reduce the dimensions but 
also the removal of the PSL after successive process steps. Therefore, this result 
. m a i n l y reflects the removal of the PSL. The PL intensity of Figure 3.21 is reduced 
after etching but that of Figure 3.22 is increasing. The etching solution for both 
samples is the same but the current density and etching time is different. The total 
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charge used for the anodization process is less for the sample used for PL 
measurement shown in Figure 3.21. Therefore, the PSL is thinner. 
After successive cycles, the PL intensity in Figure 3.21 is reduced and the PSL 
was observed to be thinned. After three oxidation-etching cycles, the PSL was 
completely removed. This is the effect of the probe light beam excitation volume. 
Even when the PL peak has a blue shift, the PL intensity is reduced because the PSL 
was thinned during etching. For the thicker sample, the PL intensity, shown in 
Figure 3.22, is increased which shows the effect of the increase in exciton part of the 
relative oscillator strength. It is known that etching can reduce the size of the 
luminescence structures which will reduce the PL intensity by reducing the 
luminescence volume. If the increase in penetration depth of the probing light beam 
is allowed for, the increase in PL intensity shows that the exciton oscillator strength 
is increased. These show the unique trend of the PL peak which exhibits a blue shift 
after successive oxidation-etching cycles. 
Figure 4.4 shows the plot of PL peak intensity against peak wavelength. The 
results group the samples prepared under similar preparation conditions. This shows 
that annealed samples followed by post annealing etching have stronger PL with 
higher luminescence energy. After the post annealing etching, the PSL samples are 
mechanically weak and are easy to be lifted off from the silicon substrate. Over-
etching reduces the PL intensity by removing the PL microstructure. This difference 
in PL intensity is due to the difference in the quantity of luminescence structures in 
the excitation volume of the PSL. 
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On the other hand, theoretical studies show that the phonon oscillator strength 
will increase dramatically as the size of the cluster reduces. [69] Therefore, the 
relationship between PL intensity and luminescence peak energy to the cluster size 
is complicated. 
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4.6 Electrical Properties 
Typical current-voltage characteristics are shown in Figure 3.23 with curve (a) 
for an Al/bare Si contact and curve (b) for an Al/PSL Schottky diode. With reference 
to the ALPHA step scan shown in Figure 3.7, one can see that the PSL surface is 
rough. The actual contact area cannot be specified, therefore the current density used 
cannot be well defined. 
Figure 3.23 clearly shows the difference in the cut-in voltage. For a current 
injection of 1 mA, the Al/PSL Schottky diode shows a high series resistance of 1.9 
kQ and a large ideality factor of 10.3. This would be a problem for the efficient 
injection of carriers. 
« 
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4.7 Summary 
Anodization of silicon can produce a film which can produce visible PL at 
room temperature. PSL layers with different porosity can be produced by varying the 
substrate resistivity and anodization conditions such as the HF concentration, and 
current density. The colour varies from metallic to dark brown into yellowish. The 
structure of this layer was studied by ESR spectra. The thermally introduced Pb 
trivalent silicon centre on the Si/SiO: interface was observed in thermally annealed 
PSL. The PL intensity is reduced by the thermally introduced defect centres but will 
be enhanced after annealing by prolonged storage in ambient. There is a blue shift 
after oxygen annealing and post oxidation etching. After annealing, the PL can be 
recovered by repassivating the Si surface with hydrogen by means of dipping the 
annealed wafer into HF solution. 
From the results of the PL and the IR experiments, there is no direct 
correlation between the oxygen content and the PL intensity. Both the as-anodized 
sample and the post- annealing etched sample have a small oxygen content, but the PL 
intensities of these two samples can differ by almost three orders of magnitude. Also 
there is no direct correlation of the concentration of SiH/SiHj to the PL peak or 
intensity. It has been said that polysilane is essential for the observation of PL in 
anodized and non-anodized porous silicon layer because it provides better surface 
termination for the PSL. This study shows that there is no direct correlation of SiH^ 
with the luminescence intensity. 
Therefore, oxygen at the PSL surface is not important for the PL process and 
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the siloxene model is not supported by our results. Strong photoluminescence can be 
observed even with the sample still immersed in the HF solution or just after removal 
of the sample from the etching solution. On the other hand, SiH, has some effect on 
the PL but it is not clear. Samples with a similar quantity of SiH, absorption peak can 
have strong or none at all PL. In general, PS layers after annealing and then etching, 
the PL can be observed from previously non-luminescencing sample. 
These results show that the surface chemistry effect is not established. 
Therefore, the quantum confinement model of light emission from porous silicon is 
indicated by our results which show that a small cluster size is an essential factor for 
visible room temperature photoluminescence from silicon. The efficiency of PL from 
PSL is also sensitive to absorbed layers on the surface and surface morphology. 
From the measurement of the aluminum porous silicon structure, it show that 
the electrical properties are not good enough for device applications. Efficiency of 
carrier injection can be provided by using suitable heteroj unction materials such as 
SijcQ X [112], IT0[111]. On the other hand, the nature of that PSL dose not favour 
electrical applications, there is still long time before the realization of device 
applications. 
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Germanium silicon alloys were prepared by high dose Ge ion implantation. 
High dose germanium implantation has been performed into p-type {100} 10-20 ohm-
cm Si wafers. At 150 keV, the doseage is 1.4x10^^ (highest), 9x10^' (medium high) 
and 5x1016 (high) cm-^ At 300 keV, the doseage is 4x10'' (highest), 2.5x10^' 
(medium high) and 1.4x10'' (high) cm'l The threshold dosage to form an amorphous 
silicon layer is 10 'W[120 ,121] for lOOkeV Ge ion implantation. Therefore the 
dosage used in this study exceeds this threshold level. 
Most ion-implanted ions are located at interstitial sites. Thermal annealing is 
needed to electrically activate them, and remove the ion implantation damage which 
can degrade the performance of the resultant devices. Therefore annealing process is 
a must for ion-implanted samples. Annealing was performed at various temperature 
(400 C to 1000 C) in nitrogen ambient for various times to study the defect and 
regrow properties. 
5.1 Structural Characteristics 
The defect structure of the ion implanted layer was characterised by electron 
spin resonance (ESR). The crystal quality was characterised by electron channelling 
pattern (ECP) and the Rutherford backscattering (RBS) method. 
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5.1.1 Defect structure 
Detail studies by ESR have been performed to characterise the defects induced 
by germanium ion implantation. Two ESR measurements were performed with the 
magnetic field normal and parallel to the sample surface. The ESR spectra show 
different line shapes with respect to different orientations of the sample in the 
magnetic field. Therefore, detailed angle-resolved ESR measurements were 
performed on each sample. Figures 5.1 and 5.2 show the angle-resolved spectra of 
the 150 and 300keV 'as implanted' samples respectively. The angle dependence is 
clearly observed but unlike PSL, there are no sharp features to help in deconvolution 
of these spectra. Two peaks are used to fit these spectra, the resultant g map is shown 
in Figure 5.3. Component A is an isotropic signal with a g-factor of 2.008. 
Component B is angle dependent with a g factor minimum of 2.003 when the 
magnetic field is normal to the sample surface and with a g factor maximum of 2.008 
when the magnetic field is parallel to the sample surface. 
The spin density was then deduced with the estimated thickness of the GeSi 
layer from the RBS spectra. The spin signal after various annealing times at various 
temperatures was recorded to study the elimination of dangling bonds. It show that 
annealing at 1000 C for 1 minute is enough to eliminate all the spin signal. Figures 
5.4 and 5.5 show the normalised spin density versus time during annealing at 600°C 
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5.1.2 Crystal structure 
Rutherford backscattering (RBS) measurements were used to measure the 
amount of interstitial atoms in the crystal. The random and channelling RBS spectra 
for 150keV, 1.4x10'^ cm'^ (highest) and 300keV, (medium high) 
germanium ion implantation for a peak germanium concentration of 20% and 25 % are 
shown in Figure 5.6 respectively. A simulated RBS spectrum of bulk silicon is shown 
for comparison. Individual spectra are recorded in Appendix I . l . 
The RBS and channelling spectra for the 150 keV Ge implanted sample at dose 
of 1.4x1017 cm-2 (highest), 9x10^' cm'^  (medium high) and 5x10^' cm'^ (high) are 
shown in Figures 5.7(1) II) and (III) respectively. Spectra a and b are respectively 
the random and channelling spectra for the as-implanted sample. Spectrum c is the 
channelling spectrum after annealing at 600°C for 50 minutes and spectrum d is that 
after annealing at 300 C for 300 minutes and then at 1000 C for 10 minutes. From 
Appendix 1.1 annealing at 400 C has insignificant effect on the reduction of RBS 
dechannelling yield. 
For the 150keV germanium ion-implanted sample, the variation of the de-
channelling yield of the Ge atoms before and after thermal treatments are shown in 
Figure 5.8. The high dose sample has a backscattering yield 
considerably lower than other 150keV higher dosage sample with about 66% of the 
Ge atoms in interstitial sites before annealing. After thermal annealing at 1000 C for 
10 minutes, there is marked reduction in the de-channelling yield for all samples and 
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For the 300keV germanium ion implanted samples, the de-channelling yield 
of the Ge atoms before thermal treatment is 60% for all doses. The de-channelling 
yield increased after low temperature (<600T) annealing and dose not reduce 
significantly even after annealing at the temperature of 800 C and 1000 C. On the 
other hand, lattice relaxation can also increase the de-channelling yield because the 
relaxed layer is no longer align with the substrate. From the RBS spectra in Appendix 
1.1 it shows that the random and channelling spectra of the surface Si layer become 
aligned after annealing. This shows that either the surface layer has become an 
amorphous layer or the lattice has been relaxed. Therefore, strain in the surface 
silicon layer should be relaxed after annealing. 
A 300keV, (medium high) sample was subjected to Secondary Ion 
Mass Spectroscopy (SIMS) measurement before and after annealing at 1000 C for 30 
minutes. This measurement enable us to verify the profile of germanium ions in the 
silicon substrate. Figure 5.9 shows the germanium depth distribution measured by 
SIMS and also shows a simulated profile by C-Trim. The simulated result shows 
similar line shape with slightly smaller projected range. The implantation was 
‘ performed normal to the surface so that it is expected that some channelling has 
increased the projectile mean projected range. After annealing, there is some loss of 
germanium content near the surface. 
Electron Channelling Pattern (ECP) analysis was used to demonstrate the 
crystal quality. Photos. 5.1a, b, c, and d show ECP for unimplanted silicon, and 
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Photo. 5.1 Electron channelling pattern for the ISOkeV Ge implanted 
sample at a dose of (a) unimplanted, (b) (c) 
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Photos. 5.2a, b, c and d show the corresponding ECP after annealed at 1000 C for 
30mins. No ECP was observed from all as-implanted samples and the samples 
annealed at lower temperatures. Only the 150keV implanted, 1000 C annealed 
samples show the ECP. For the 300keV implanted samples, there is also no electron 
channelling pattern even after annealing at 1000 C for 30 minutes. 
Figure 5.10 curves (a) and (b) show the XPS signal of the silicon 2p peak of 
a sample after 300keV Ge ion implantation with a dosage of (medium 
high) and an implanted sample after annealing at 1000 C for 30 minutes respectively. 
The XPS measurement show that the Fermi level of as-implanted samples was located 
at mid-gap. After annealing, an oxide peak was observed which cannot be removed 
by chemical etch. . 
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Fig. 5.10 X-ray photoemission spectroscopy spectra of silicon 2p 
signal for a germanium ion implanted sample (300keV, 
dose of 2 . 5 x l O ' W ) , (a) as implanted, (b) annealed at 
1000°C, 30mins in nitrogen excited with the AlKa line. 
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5.2 Optical Characteristics 
The Infra-red transmittance from 850nm to 1500nm for the as-implanted 
samples was measured. Figure 5.11 shows these spectra. There is no significant 
change in the measured spectrum after ion implantation. The absorption was 
increased because of the damage introduced by ion implantation. If the difference is 
solely contributed by the different in thickness, these curves will be almost parallel in 
the flat region. From the graph, the slope is slightly different. The normalized 
spectra is different at the absorption edge. This shows that defect sites in the band gap 
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Fig. 5.11 Infrared transmittance spectra for as ion implanted samples 
prepared for dose of l.AxlO^cnT (b) 9 x l O ^ W , (c) 
5xl0i6cm-2 d) 4xl0i7cm-2 (e) 2.5xl0i7cm-2 (f) 
Curves a, b, c were implanted by 150keV 
and d, e, f were implanted by 300keV germanium ion 
implantation. 
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5.3 Electrical Characteristics 
Electrical characterization of the GeSi layers was carried out by the spreading 
resistance profiling technique. This can show in detail the change of carrier 
concentration with depth. Current-voltage and capacitance-voltage measurement were 
also used to determine the defect concentration and the electrical performance of the 
alloy layer. 
5.3.1 Spreading resistance profiling 
The spreading resistance profile (SPR) can be used to deduce the carrier 
concentration but the matrix is complicated in this study because the parameters of the 
material are different from single crystalline silicon or germanium. Details of the 
annealing effect on the spreading resistance of all samples has been studied. The 
samples were annealed under a nitrogen ambient. For each sample, the carrier 
conduction type was determined by the hot probe test embodied in the spreading 
resistance measurement system. Detailed profiles are shown in Appendix 1.2. 
The SPR profiles of the as-implanted samples were shown in Figure 5.12. The 
carrier concentration was estimated by using the parameters for Si and the results are 
shown in Figure 5.13. The arrows indicated the position of the type conversion 
detected by the hot probe test. At the left hand side of the arrow is n-type conduction 
and at the right hand side of the arrow is p-type conduction. It shows that the 
effective carrier concentration is reduced from lO^ '^ cm"^  to lO'^ cm'^  for the 150keV Ge 
ion 'as-implanted' samples. The carrier concentration of the 300keV Ge ion ,as-
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Fig 5 12 Spreading resistance profiles for as implanted sample at 
• • a dose of (a) MxKy'cm-!, 9xioi6cnr2 SxlO^^cnV ,^ 
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Curves a, b, c were implanted by 150keV and d, e f 
were implanted by 300keV germanium ion implantation. 
Arrows show the location of n/p junction determined by 
the hot probe test. An n-type conduction at the left hand 
side and a p-type conduction at the right hand side of the 
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Fig. 5.13 Carrier concentration profiles for as implanted sample at 
a dose of (a) 1.4xl(V7cnr2 (b) QxlOAnvS (c) S x l O ^ W , 
(d) 4 x l O ' W , (e) 2 . 5 x l O ' W and (f) 1 . 4 x l O ' W l 
Curves a, b, c were implanted by 150keV and d e, f 
were implanted by 300keV germanium ion implantation. 
Arrows show the location of n/p junction determined by 
the hot probe test. An n-type conduction at the left hand 
side and a p-type conduction at the right hand side of the 
arrows. 
131 
Chapter 5 Germanium Silicon Alloy • Results — 
implanted' sample with dosage of (high) reduced to 10"cm-3. The n-type 
region has the carrier concentration of lO^^ cm"^  which is just compensating the hole 
concentration of the substrate. 
The effect on the change of SPR profile of the ISOkeV ion implanted samples 
after annealing in nitrogen was showed in Figures 5.14 (I), (II), and (III) with curve 
(a) as-implanted, (b) to (e) annealed at various temperatures for various time intervals 
( (b) 300°C, 300mins, (c) 600°C, lOmins, (d) 300°C, 300mins + 1000°C, lOmins 
and, (e) 1000 C, 30mins )• Curves (d) and (e) show that 1000 C annealing can 
reduce the resistance of the implanted layer to the order of unimplanted silicon. 
From the Figures I.2a, I.2b, and L2c of Appendix 1.2, the hot probe test 
showed that there exists an n-type layer at the surface of the 150keV ion implanted 
samples after annealing at 1000 C for 1 minute. This layer can be removed after 
further annealing. At both sides of this layer, no significant depletion region can be 
observed. This effect is due to mobility compensation in the highly damaged layer. 
Germanium has two energy levels in the silicon band gap[5]. One is at 0.5eV from 
the valence band maximum and the other is 0.27eV from the conduction band 
minimum. Both of these sites are donor sites. The germanium ion may first go into 
the sites near mid gap. Therefore, germanium act as a donor with the observation of 
n-type conduction characteristics. This is probably due to the contribution of defect 
centres but not a real doping effect. After further annealing, this layer can be 
removed, eliminating the effect of the defects. 
For the 300keV ion implanted samples, the spreading resistance profiling 
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measurements show that in the high dose (>2.5xlO^W^) samples an n/p junction has 
been formed as implanted. The junction depth was located at a depth of ten times the 
ion projected range ( lORp ). Detail profiles are shown in Appendix 1.2. The 
spreading resistance profile of a 300keV ion implanted sample for a dose of 
2 . 5 x l O ' W ^ (medium high) is shown in Figure 5.15. The small insert is used to 
indicate the SRP profile to a larger depth. There are two type of n-p junctions 
observed from the SRP. One is the as-iinplanted junction which has a large depletion 
region. The other is formed after annealing with a small and weak depletion region. 
After annealing at 400 C for 30 minutes, this boundary of the junction moves towards 
the surface with the spreading resistance increasing. Due to this variation in spreading 
resistance, the nature of this type conversion can be caused by defects induced during 
ion implantation. 
After annealing at 1000 C for 30 minutes, the GeSi layer prepared by 300keV 
ion implantation shows an n-type surface layer with a significant depletion region at 
the interface at the depth of Rp with a depletion layer. Therefore, this is different 
from that which was believed to be related to the implantation damage which can be 
removed by annealing. It shows that after annealing, the junction of the 'as-
implanted' samples can be removed and the detected n-p interface moves towards the 
surface of the sample after annealing for half an hour at even a temperature as low as 
400 C. Eventually, after high temperature annealing (T^eaiing ^ 800 C) there is 
produced a n-p junction with a depletion layer detected by the hot probe method 
located at a depth of 0.5/xm from the surface. 
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Fig. 5.15 Spreading resistance profiles for the Ge implanted sample 
at a dose of 2.5xlO^W^ after various annealing conditions 
(a) unannealed, (b) 400 C 30mins, (c) 600 C 30mins, (d) 
800 C 30mins and, (e) 1000 C 30mins. The insert show 
the SR profile with larger depth to show the location of the 
n/p junction. Arrows show the location of n/p junction 
determined by the hot probe test. An n-type conduction at 
the left hand side and a p-type conduction at the right hand 
side of the arrows. 
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5.3.2 Other electrical measurements 
Current-voltage measurement can be used to study the performance of the 
material. In order to measure implanted samples, Schottky diodes were formed on the 
top surface with an annealed ohmic A1 backside contact. The current-voltage 
characteristics of unimplanted, as-implanted (150keV, 1.4x1017011-2 highest) and 
1000 C annealed samples were shown in Figure 5.16 curves (a), (b) and (c) 
respectively. 
These current-voltage measurement were then used to extract parameters using 
the same diode model as mentioned in Section 3.2 without the component of 
electrolytic cell (E). The same considerations were applied to these measurements. 
The current-voltage characteristics measurements show that the Schottky diode formed 
on the germanium silicon alloy has an ideality factor of 7, which is large, with a 
typical leakage current of 10/xA. This indicates that the junction is leaky. 
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Fig. 5.16 Current-voltage characteristics for a ISOkeV germanium 
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The capacitance-voltage characteristic can be used to measure the surface state 
at the metal semiconductor interface. The corresponding capacitance-voltage 
characteristics of the ISOkeV Ge ion implanted samples of dosage of 
(highest) are shown in Figure 5.17. There is a bump at a bias between 0 and 5V 
which was introduced by the damage created by ion implantation. A similar 
observation was obtained in all samples. After annealing at 1000 C for 30 minutes, 
the capacitance-voltage characteristics was recovered and was similar to the 
measurement from the unimplanted sample. The capacitance is smaller than the 
unimplanted samples. If we assume that the permittivities are similar to silicon, this 
means that there are fewer electrically active carriers in the germanium implanted 
layers which is consistent with the estimated carrier profiles deduced from the 
spreading resistance profile. \ 
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Fig. 5.17 Capacitance-voltage characteristics for a 150keV 
germanium implanted samples at a dose of 1.4xl0'^cnr^ 
(a) un-iinplanted, (b) as implanted, and (c) annealed at 
1000°C, 30mins in nitrogen ambient. Schottky diode were 
prepared by evaporated aluminum onto the alloy layer. 
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Thermal annealing was performed in nitrogen at various temperatures for 
various time intervals to study the annealing effect on the ion implanted layer. The 
study is concentrated on the high temperature annealing because conventional wafer 
fabrication usually involve high temperature ( around 1000 C )processes. 
6.1 Structural Analysis 
The spin density was reduced after annealing due to thermally assisted 
formation of bonds between atoms. ESR studies[148-149] of a-SiGe:H show that 
there are co-existing three types of spin signals. One is a-Si:H like spin signal with 
a g-factor of 2.0055. The second one is a~Ge:H like spin signal with a g-factor of 
2.018. The third one is a line with g-factor of 2.008 which is the modified line from 
the GeSi matrix. 
The un-deconvoluted result from ESR spectra of the samples are of Lorentzian 
shape with g-value of about 2.007 and with a spin density of about 6x10'^ cm'-\ 
These ESR signals of the samples are inferred to be mainly due to Si-dangling bonds 
because the spin component is mainly a-Si like. A detailed study was performed on 
the 'as- implanted' samples. It is found that the ESR spectra are dependent upon the 
orientation of the samples. 
These spectra can be de-convoluted into two resonances. One is the signal 
from the GeSi matrix with a g-factor of 2.007 and the FWHM of the line is 18 gauss. 
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This value is close to the reported value of ESR signals of the Si-dangling bonds in 
GeSi matrix from a-Ge,Si,.,:H alloys [148-149]. At x=0.3, the g=2.008 component 
. of the ESR signal was assigned to Si-dangling bonds in the GeSi matrix and that of 
g 2.018 was assigned to Ge-dangling bonds[150]. The other one shows orientation 
dependent with g-values of g x=2.008 and §„ =2.0035 which was considered to 
originate from the damaged Si substrate. 
More careful analysis of the ESR spectra shows that there is some slight 
asymmetry in the line shape. This is probably an indication of the existence of a small 
number of Ge-dangling bonds in the GeSi alloy layer or some Si-dangling bonds in 
the damaged layer beneath the alloy layer. 
The spin density was estimated by using an effective layer thickness of 0.2 /xm 
which is determined from the RBS spectra. The spin density is 5% 
before annealing. After thermal annealing at 600"C, there is a gradual reduction in 
the spin density with annealing time but the ESR signal cannot be completely 
eliminated even after annealing for 50 minutes. However, it is found that the ESR 
signal can be eliminated after annealing at 1000 C for 2 minutes or at 800°C for 20 
minutes. The g-value was reduced after annealing which indicated that the g-value 
is more silicon-like because germanium bonding can be annealed out at lower 
temperature than silicon bonding. 
When the RBS random and channelling spectra coincide, it means that the 
layer is completely amorphized or the lattice of that layer is mis-matched with the 
substrate. The RBS random spectra and channelling spectra of 150 keV, 1.4x10'^ 
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(highest) and (medium high) as-implanted samples coincided near the Si 
surface. This indicates that there exists an amorphous surface layer. Therefore the 
150keV germanium implant dose of (medium high) had exceeded the 
threshold dosage for the amorphous layer formation in silicon. For the 300keV 
implanted samples, the random and channelling spectra do not coincide so that some 
of the implanted Ge ions were located in the substitutional sites after ion implantation. 
This was probably due to ion-beam-induced epitaxial effects. 
It has been reported that the crystallization activation energy is not a strong 
function of the Ge concentration. The epitaxy rate should not be changed for higher 
Ge concentration but the regrowth rate is enhanced several times by the presence of 
Ge ions.[151-152] By comparing the RBS spectra of the 150keV implanted samples, 
it seen that the regrowth rate is higher when the Ge dosage is higher 
A similar phenomenon is observed for the 300keV ion implanted samples. 
After annealing at 1000 C for 10 minutes, the surface dechannelling yields of 
the medium high dose sample are higher than the highest dose sample. 
The ECP can be used to show the crystal quality of the surface layer. The ECP can 
be obtained if the incident electron is not scattered by the host atoms after penetration 
to a certain depth. If the scattering is strong, the ECP cannot be obtained. The ECP 
from the highest dose sample (Photo. 5. lb and 5.2b) show a better contrast then the 
medium high dose sample (Photo. 5.1c and 5.2c). Therefore, the surface layer of the 
medium high dose sample is less crystalline than the highest dosed sample. This can 
be confirmed by the RBS channelling spectra from which the dechannelling yield is 
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larger for the medium high dosed sample. ECP was observed only for the 150keV 
Ge implanted samples after 1000 C annealing for lOminutes or longer. From 
Appendix I the RBS dechannelling yield of the surface layer for other samples after 
various annealing conditions is still larger than 50%. For the 300keV Ge ion 
implanted samples, most of RBS spectra have a dechannelling yield of larger than 
90% at the surface layer. No ECP can be observed for these samples. Therefore, the 
surface layers of these samples are amorphous leading to strong scattering of the 
incident electrons. 
The RBS channelling spectra show the feature of a hump between the channel 
numbers 200 and 260 for the ISOkeV implanted samples, the corresponding depths 
of which are about 0.1/xm and 0.4/im below the silicon surface. There is also a hump 
between the channel numbers 150 and 220 for the 300keV implanted samples, the 
corresponding depths of which are about 0.2/xm and 0.6/xm below the silicon surface. 
These humps are due to implantation damage by the recoiled atoms. From these RBS 
spectra, it is estimated that the damage layer extends to about 0.4/XITI and 0.6/^m for 
the 150keV and 300keV Ge implanted samples, respectively. It is a direct 
measurement of the physical displacement of atoms in the lattice. This damaged layer 
can be removed after annealing at 800 C and 1000 C as shown in Appendix LI . 
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6.2 Optical Properties 
The infra-red spectra show few difference because the alloy layer is a thin film 
with band gap similar to the substrate silicon. R. People[8] shown that a GeSi alloy 
of 20% germanium has a band gap of about l . leV for unstrained GeSi alloy (Figure 
1.3). Therefore, no significant difference was obtained from these measurements. 
Only slight changes at the absorption edge can be observed which show that there are 
defect states created in the band gap due to ion implantation damage. 
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6.3 Electrical Properties 
The electrical properties were measured by spreading resistance profiling and 
the conduction type was determined by the hot probe method for each measurement. 
After germanium ion implantation, there is a more than two orders of magnitude 
increase in the spreading resistance value at the surface region. From the logarithm 
plot of the spreading resistance, it shows that the damage tail extends deep into the 
substrate, to about 1 and 1.5 ixm from the surface for the 150 and 300 keV implanted 
samples, respectively. These values are several times greater than the projectile range 
(Rp) values. 
The conduction type measured by the hot probe test for the ISOkeV Ge ion 
implanted samples show that the layer is a p-type layer. After annealing, part of the 
damaged layers were changed into n-type. But after further annealing, it changed into 
p-type again. The type conversion of these samples does not show the feature of the 
existence of a depletion layer as in a normal p-n junction. The n-type conduction 
should be a reflection of the existence of an amorphous layer in the samples. Since 
an electron has higher mobility than a hole, high resistance materials usually show n-
type conduction. Annealing at 1000 C for 2 minutes can restore this layer to p-type. 
The 300 keV germanium implanted samples with doses of 4x10'' (highest) and 
2 5x10 cnr2 (medium high) show ion-beam-induced epitaxial crystallization (IBIEC) 
effects. Comparing with the high dose sample, the spin density is smaller and the 
RBS random and channelling spectra do not coincide with each other in the surface 
region for these higher dose samples. The spreading resistance measurement shows 
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that there is a conductivity-type conversion in the surface region of the 300keV, 
highest and medium high dose, implanted samples and that the spreading resistance 
has increased by one order of magnitude with a high resistance (depletion) layer 
located at a depth of 1.5/xm. However, for the high dose sample, the spreading 
resistance has increased by four orders of magnitude and the conductivity type does 
not change. The spreading resistance profiles of 300keV, (highest) Ge 
implanted samples, annealed for 30 minutes at different temperatures in nitrogen were 
shown in Figure 5.15. They show that upon annealing the n-p junction position 
moves towards the sample surface and the magnitude of the resistance increases. This 
may be due to some sort of defects emitted from the dissociation of extended defects 
during thermal annealing. The RBS spectra show that the channelling yield reduces 
at the inner side of the Ge peak and increases at the surface layers after low 
temperature (400 C or 600 C) annealing. Therefore, the lattice at the surface may be 
relaxed during thermal annealing because lattice relaxation means the misalignment 
of lattice, which can increase the channelling yield. 
For the 300keV ion implanted samples after sufficient annealing at 800 C and 
1000 C the surface layer changes into n-type and the depletion region of the n-p 
junctions located at a depth of about 0.5 i^m ( - Rp + AR^ ). The n-type conduction 
layer is stable after annealing and this type conversion was observed in 300 keV 
implanted samples only. The mechanism for the this type conversion is not clear. 
The measured current voltage characteristic of the Schottky diode formed on 
the as-implanted sample is almost symmetric in shape. This indicated that the diode 
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is leaky which is caused by defects introduced during ion implantation. For the 
150keV Ge implanted samples at a dose of 1 . 4 x l O ' W (highest), the reversed 
leakage current increased from 0.02ptA to S/xA. The Schottky diode fabricated on 
1000 C 30 minutes annealed sample shows a diode characteristics with the leakage 
current of SOjuA. This is probably due to the nature of Ge, which has a larger 
leakage current. 
After 1000 C, 30 minutes annealing, the line shape of the capacitance-voltage 
is restored to that of the unimplanted samples but the capacitance is reduced. This 
shows that the concentration of the electrical active carriers in the alloy layer was 
reduced. It supports the result from the spreading resistance measurements which 
suggest the mechanism of donor compensation or a boron deactivation effect in the 
germanium implanted layer. 
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6.4 Summary 
For the 150keV ion implanted samples, most of the germanium atoms are in 
interstitial sites before annealing and more than 50% of the germanium atoms have 
become substitutional after annealing. Surface amorphous layers were observed to 
have been formed for samples with dosage larger than QxlO'^cm'l The backscattering 
yield of the 300keV ion implanted samples shows that no amorphous layer has been 
formed even after Ge ion implantation. This can be attributed to the ion-
beam-induced epitaxy effect. 
The ESR g-factor shows anisotropic properties and can be decomposed into 
two spin signals. One of them has a g-value of 2.008 and is isotropic. This signal 
is related to the germanium silicon complex by comparison with the reported g-factor 
for a-Ge,Sii.^:H alloys[148-150]. The other orientation-dependent component has a 
g-value minimum of 2.0035 and maximum of 2.008. The symmetry of this centre is 
similar to that of the C3V centre. It is also observed that the electron spin resonance 
signal cannot be eliminated even after annealing for 50 minutes at 600 C but can be 
eliminated by annealing at higher temperature. 
The spreading resistance profiles also show that the damage layer extends to 
a depth several times deeper than the projected range before annealing. After 
annealing at 1000 C, these spin defects are removed. The spreading resistance of the 
germanium-silicon alloy layer remains higher than that of the substrate for samples 
prepared by 150keV germanium ion implantation. It can be seen that the removal of 
spin signal cannot be used to represent the electrical properties of the alloy layer. 
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This increase in spreading resistance can be caused by scattering effects such as alloy 
scattering and defect scattering. 
Samples prepared by 300keV ion implantation wth a dosage larger than 
2.5xl0i7cm-2 show an n-type surface layer with a depletion layer at the depth of 
l.Sjitm. The position of this n-p junction moves toward the surface and the resistance 
of the n-layer increases after annealing at 400 C. The formation of this junction is 
probably due to defect complexes formed by ion implantation damage. After high 
temperature annealing, a stable n-type surface layer was formed with the position of 
the depletion layer locating at around the projected range (5000A) of the implanted 
Ge ions. This effect has not be observed in the 150 keV ion implanted samples with 
similar peak germanium concentration. These electrical measurements show that the 
carrier concentration at the ion implanted layer was reduced. The exact mechanism 
of this type conversion phenomenon in the high dose high energy Ge implanted GeSi 
layer is not clear at the moment. 
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We have performed electron spin resonance, photoluminescence, infrared 
absorption, and electrical measurements oh porous silicon layers prepared by 
anodization in hydrofluoric acid, and germanium silicon alloy layers prepared by 
150keV and 300keV germanium implantation. 
7.1 Porous Silicon 
, Porous silicon is a very unstable complex because of its large total surface 
area. The paramagnetic defect centres are identified to be having a C^^  symmetry, P^-
like centres[133] at the Si-SiO? interface which are created by partial or imperfect 
oxidation during annealing. There are no simple correlations between the 
photoluminescence intensity and the spin density or the oxygen content in the porous 
silicon layers. 
An oxidation-induced blue shift in the photoluminescence peaks has been 
observed. The peak of the photoluminescence after successive cycles of ozone 
oxidation and hydrofluoric acid etching shifts to higher energies. This supports the 
quantum confinement model because the size of the structures in the porous silicon is 
reduced after successive cycles. The intensity of photoluminescence is dependent on 
the size of the structure[69], the luminescence volume and the penetration depth of the 
probe beam. Our study shows both an increase and a decrease in photoluminescence 
intensity starting from weak and strong photoluminescence respectively. It was 
because the PSL thickness was also reduced after successive oxidation-etching cycles. 
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Therefore, not only the cluster size but also the total effective excited volume was 
affected. The increase in PL intensity shows the effect of an increase in exciton 
oscillator strength after etching. The decrease observed in one case shows the effect 
of reducing the excitation volume after etching. The photoluminescence peak shift 
clearly indicates the reduction of the size of the luminescence microstructure. 
On the other hand, the studies on the effect of oxygen on the porous silicon 
layer show that oxygen is not important for the photoluminescence process. Therefore 
the siloxene model is not supported by the results of the presented study. Evidence 
for the hydride (SiH^) having an effect is also not strong enough. Therefore, the best 
model for the visible PL from PSL is the quantum confinement effect. 
Electrical measurements were performed on the porous silicon Schottky diode. 
The current-voltage characteristic of the aluminum on porous silicon layer Schottky 
diode shows a larger series resistance and a larger ideality factor than similar Schottky 
diodes fabricated on the virgin silicon substrates. The high series resistance comes 
from the porous silicon layer. This would be a problem for efficient carrier injection 
and will therefore limit the possibilities for device applications. 
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7.2 Germanium Silicon Alloys 
Germanium silicon alloy layers prepared by 150 and 300keV high dose 
germanium implantation into silicon have been characterized by Rutherford 
Backscattering random and channelling techniques, electron spin resonance, and 
spreading resistance profiling measurements. Schottky diodes have been fabricated 
by evaporating aluminum onto the germanium silicon alloy layers. 
For the ISOkeV ion implanted samples (medium high and highest dose 
samples), more than 90% of the germanium atoms are in interstitial sites before 
annealing and more than 50% of the germanium atoms have become substitutional 
after annealing. The situation is better for the high dose sample where less than 70% 
of the germanium atoms are in interstitial sites before annealing and about 80% of 
them become substitutional after annealing at 1000 C. The backscattering yield of the 
300keV ion implanted samples does not show a reduction in this quantity after 
annealing. 
Electron spin resonance signals of these samples have been inferred to be 
mainly due to silicon dangling bonds in the germanium silicon alloy layer. The g_ 
factor shows anisotropic properties and was deconvolution into two spin signals. One 
with g 2.008 which is isotropic and is related to the germanium silicon complex. 
The other orientation dependant g-factor has a g-value minimum of 2.0035 and a 
maximum of 2.008. The symmetry of this centre is similar to C^y. It is observed that 
the electron spin resonance signal cannot be eliminated even after annealing for 50 
minutes at 600 C but can be eliminated by annealing at 1000 C for 2 minutes. 
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The spreading resistance profiling technique is a sensitive method to study the 
damage by implantation. It is observed that the damage layer extends to a depth 
several times larger than the projected range before annealing. For the ISOkeV 
germanium ion implanted samples, after annealing at 1000 C defects in the deeper 
part are removed but the spreading resistance of the germanium silicon alloy layers 
remains higher than that of the substrate. This increase shows factors such as alloy 
scattering still affects the electrical characteristics of the alloy layers. On the other 
hand, this can also be caused by carrier deactivation or the compensation effect so that 
the resultant resistivity is increased. 
Samples prepared by 300keV ion implantation with a dose larger that 
2 .5xlO'W^ show that the surface layer becomes n-type with a depletion layer at the 
depth of 1.5 /xin. This layer moves toward the surface with increasing spreading 
resistance even after annealing at 400 C. The formation of this junction could be due 
to a defect complex formed by ion implantation dainage[158]. After annealing at 
1000 C for two minutes, the surface layer converted into n-type with the depletion 
depth located at the depth of projected range (5000A). This is a stable layer and 
cannot be observed in the 150 keV ion implanted samples. Therefore, this defect 
structure probably formed due to the energy of ion-implantation. This studies show 
novel properties for silicon after modification so that the material has promoting 
application but properties has not yet completely explored. 
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This study has led to some new findings in the properties of porous silicon 
prepared by electrochemical methods and GeSi alloy layer by implantation. 
However, there are still lots of questions unresolved on these two silicon-based 
materials systems. The following are some suggestions on possible future work. 
8.1 Porous Silicon 
Intensive research effort has been made trying to explain the light emission 
mechanism in porous silicon but yet the question is still open without a definite 
conclusion. Of course this can continue to be a topic of future work. However, 
we shall put more emphasis from the device application point of view. 
It is known that the porous silicon layer is not a stable structure. Therefore 
an efficient barrier layer is necessary to isolate the porous silicon layer surface 
from further reaction with the ambient, especially oxygen. Otherwise, no stable 
device can be obtained. Another problem is to find a suitable electrical contact 
material which is conductive and transparent. Up to now the most promising 
materials are wide band gap materials[ll 1-112] and conductive polymers[157]. 
8.2 Germanium Silicon Alloys 
As discussed in the last two chapters, the mechanism for the type 
conversion in the high dose high energy Ge implanted layer remains unresolved. 
This must be related to the defect properties of the implanted layer. Therefore, 
156 
CHAPTER 8 Suggestions for future works 
one topic of great interest is to study in more details on the defect structures and 
properties in these implanted layers. On the other hand, it was reported that 
germanium silicon alloys grown on small patterned area by molecular beam 
epitaxy[159] have less misfit dislocations. Strain was relaxed at the pattern edge 
so that less dislocations were observed. Therefore selective area implantation is 
another topic of interest for the realization of device fabrication. 
Transmission Electron Microscopy (TEM) studies can be performed to 
characterize the regrowth layer. This will give direct confirmation on the 
regrowth crystal quality. On the other hand, measurements on the carrier 
mobility, recombination, lifetime are necessary for device applications. 
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(1.1) Rutherford backscattering spectra 
Fig. I. la ISOkeV Ge ion implanted at a dose of 1 
Fig. I. lb 150keV Ge ion implanted at a dose of 
Fig. I. Ic 150keV Ge ion implanted at a dose of 
Fig. I. Id 300keV Ge ion implanted at a dose of 
Fig. I. le 300keV Ge ion implanted at a dose of 2.5xlO^W^ 
Fig. I. If 300keV Ge ion implanted at a dose of 1 
(1.2) Spreading resistance depth profile 
Fig. 1.2a ISOkeV Ge ion implanted at a dose of 1 .4xlO'W^ 
Fig. I.2b 150keV Ge ion implanted at a dose of 
Fig. I.2c 150keV Ge ion implanted at a dose of 
Fig. 1.2d 300keV Ge ion implanted at a dose of . 
Fig. I.2e 300keV Ge ion implanted at a dose of 2.5xlO^W^ 
Fig. L2f 300keV Ge ion implanted at a dose of 
Two type of arrows with that line style same as the line of the SRP profile are 
used to indicate the location of the p/n junction determined by hot probe test. 
An n-type conduction at the left hand side and a p-type 
conduction at the right hand side of the arrow. 
y 
An p-type conduction at the left hand side and a n-type 
conduction at the right hand side of the arrow. 
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